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Abstract 
Flotation froth is of significant importance because it ultimately determines overall flotation 
performance. Froth recovery, the fraction of valuable minerals coming into the froth phase 
which survive and report to the concentrate, has been widely used to evaluate the efficiency 
of transporting the valuable minerals from the pulp-froth interface to the concentrate launder. 
Froth recovery is related to the time that particles spend in the froth and the rate at which 
bubbles burst.  
It is believed that froth rheology has an impact on froth recovery in flotation.  A more viscous 
froth should resist motion towards the lip, rising vertically before overflowing into the cell 
launder, resulting in significantly higher froth residence times and increased probability of 
froth drop back as well as froth collapse. Very little work has been done to study the rheology 
of a highly mineralised flotation froth and how it impacts on froth recovery. Therefore, this 
project aims to gain an insight into the correlations between froth properties, froth rheology 
and flotation performance. 
To achieve this goal, a novel method to measure froth rheology properly was developed in 
this project. The method involves the use of a rotating vane surrounded by a tube. The tube is 
required to minimise the adverse effects of the horizontal flow on the measurement. 
Equations have been provided to convert the vane rotational speed and measured torque to 
shear rate and shear stress, depending on whether the froth within the tube is fully or partially 
sheared. 
In order to investigate the correlation between froth rheology and froth properties, flotation 
tests were performed in a 20 L continuous flotation cell using a synthetic ore which was a 
mixture of chalcopyrite and silica. The flotation tests, conducted under different flotation 
conditions (i.e. air rate, froth depth, impeller speed, feed grade and feed P80), resulted in 
significant changes in the froth properties and the viscosity of the froth. The froth was shown 
to be shear thinning with minor yield stress. It could be modelled using a power-law model 
with the consistency index of this function being able to be used to represent the degree of 
viscosity of the froth phase. 
The observed change in the froth viscosity was shown to be largely a function of the change 
in the bubble size and the percentage of the bubble surface covered by particles. Smaller 
bubbles and a greater coverage of particles on the bubble surface result in a greater resistance 
 
 
to froth motion. Thus changes in cell operation which reduce the froth bubble size (e.g. 
higher impeller speeds, higher frother dosage rates) will result in a more viscous froth. Higher 
feed grades and a smaller particle size which result in a greater proportion of bubble surface 
coverage will also result in higher froth viscosities.   
A model was proposed which relates the apparent viscosity of the froth to the shear rate, the 
froth bubble size, the gas volume fraction in the froth, the percentage of the bubble surface 
covered by particles and a fittable constant. This model provided a reasonable fit to the 
apparent viscosity data measured in the original 20 L continuous flotation cell test data, and 
was validated using data generated from additional flotation tests in which frother dosage was 
varied and higher feed grades were used.  
Correlations were observed between the froth rheology and key flotation parameters which 
are known to affect overall flotation performance. As expected, a positive correlation was 
observed between the froth height above the lip and the froth viscosity. As the froth viscosity 
and thus the resistance to froth flow increases, the froth rises up until a new equilibrium is 
reached within the froth. The froth height above the lip affects froth retention time; an 
increase in froth retention time is known to decrease froth recovery and increase drainage of 
water and entrained solids. As the valuable minerals are recovered by attachment to bubble 
surfaces, air recovery was used as a proxy for froth recovery, owing to the difficulty in 
measuring froth recovery. The extent of drainage in a flotation system was evaluated by 
investigating the recovery of non-floating gangue mineral. In the 20 L laboratory flotation 
cell testwork, froth rheology was found to be correlated to both air recovery and gangue 
recovery.  The correlations, however, were not straight-forward as the parameters that affect 
froth rheology (i.e. bubble size and surface coverage by particles) also affect the froth 
stability and the resistance to drainage within the froth. 
A preliminary industrial study was performed during which froth rheology was measured in a 
concentrator processing a platinum ore. It was found that the froth exhibited similar 
rheological characteristics to the froth generated in the laboratory work using the 
synthetically created copper ore. The industrial data suggests that there is also a correlation 
between the froth viscosity and the froth height above the lip, as observed in the laboratory 
work.  
In summary, this PhD project has delivered the following major outcomes: 
 
 
 A novel method to measure froth rheology  
 An evaluation of the effect of froth properties on froth rheology  
 A model to predict froth rheology as a function of froth properties  
 Observed correlations between froth rheology and key flotation parameters which are 
known to affect overall flotation performance 
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Chapter 1 Introduction 
1.1 Background 
Mineral processing is the process of concentrating the raw ore mined from underground or open pit to 
a desired grade that allows the minerals to be efficiently extracted and refined by pyro- and/or 
hydrometallurgical technologies into a commercial product. Mineral processing utilizes various 
separation methods such as gravity concentration, dense medium separation, magnetic separation and 
froth flotation. Froth flotation is the most popular industrial process for the separation and 
concentration of mineral ores (Wills and Napier-Munn, 2006) and uses differences in surface 
properties to separate valuable minerals from gangue.  
Flotation is typically carried out in a flotation cell that contains both pulp and froth phases as shown 
in Figure 1.1a. Prior to the flotation process, the ore is ground to a desired size range. The ground 
slurry is diluted to a target solids concentration, treated with suitable reagents to make (usually) the 
valuable mineral surfaces hydrophobic, and then fed to the flotation cell. A swarm of bubbles is then 
introduced into the flotation cell. The hydrophobic particles attach to bubble surfaces and are 
transported to the pulp surface. Mineralized air bubbles accumulate at the pulp surface, forming a 
froth phase which is transported to a concentrate launder. During froth transportation, bubble 
coalescence and bubble bursting occur, resulting in the detachment of some particles from bubble 
surfaces.  Some of these detached particles drain back to the pulp phase while others remain within 
the froth and report to the concentrate as shown in Figure 1.1b.   
 
(a)                                                                            (b) 
Figure 1. 1 Schematic of the flotation process (after Hatton and Harris, 2004) 
The flotation performance is determined by the feed properties, and operating conditions such as the 
gas rate, the froth depth, the impeller speed, and the reagent type and dosage. The feed properties 
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include the feed grade and the feed particle size distribution. The flotation performance is evaluated in 
terms of the flotation recovery (the fraction of the valuable mineral fed into a flotation cell that is 
recovered to the launder) and the concentrate grade (the concentration of the valuable mineral in the 
concentrate).  
1.2 Flotation froth 
The term ‘foam’ refers to two-phase systems consisting of air and liquid, while ‘froth’ is a three-phase 
structure comprising air bubbles, solids and water. Foam is a dispersion of gas bubbles in a volume of 
liquid stabilized by surface-active agents, and is typically composed of polyhedral gas bubbles with 
liquid films residing between bubbles, Plateau borders where three films meet, and vertices which are 
the junctions of three Plateau borders (Harvey et al., 2005). Froth has a similar structure to foam, but, 
in a flotation froth, hydrophobic solid particles are attached to the liquid films, while the Plateau 
borders and the vertices between the bubbles contain both hydrophobic and hydrophilic particles, as 
shown in Figure 1.2.   
 
Figure 1. 2 Schematic of flotation froth (    hydrophilic particle;    hydrophobic particle) (after 
Ventura-Medina and Cilliers, 2002) 
The importance of the froth in determining the flotation recovery has been recognised for many years 
(Schuhmann, 1942, Feteris et al., 1987). Froth recovery has been widely used as an indicator of the 
efficiency of a froth to recover the valuable minerals during froth transportation. Froth recovery is 
defined as the fraction of particles attached to air bubbles entering the froth phase that survive and are 
recovered in the concentrate (Finch and Dobby, 1990). Froth recovery is related to froth retention time 
and froth stability (Gorain et al., 1998). Froth stability is understood as the ability of bubbles in froth 
to resist coalescence and bursting (Farrokhpay, 2011).  
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Apart from recovering the valuable minerals as aforementioned, cleaning the concentrate is another 
important action of the flotation froth. There is significant transport of gangue from the pulp phase to 
the froth phase as a consequence of entrainment with the water being transported into the froth.  
Recovery of this entrained gangue to the final concentrate decreases the final concentrate grade. Some 
of the water and entrained solids drain back from the froth phase to the pulp phase through the Plateau 
borders and vertices within the froth (Wang et al., 2016).  Drainage of some of the valuable minerals 
detached from bubble surfaces within the froth also occurs.   
1.3 Froth rheology 
Rheology is the study of the flow of matter. Two rheological terms are used to evaluate the rheology 
of a substance: viscosity and yield stress. Viscosity is the resistance to flow and yield stress is the 
resistance to deformation.  
The importance of froth rheology in evaluating flotation performance and modelling the froth 
transportation zone has been previously recognized (Farrokhpay, 2012). Moudgil (1993) observed a 
direct correlation between froth viscosity and flotation recovery, and an inverse correlation between 
froth viscosity and phosphate mineral grade, in a Denver laboratory flotation cell. A correlation 
between froth rheology and the grade of hydrophobic and hydrophilic minerals (chalcopyrite and 
quartz, respectively) has also been reported (Shi and Zheng, 2003). However, these two studies used 
only the measured torque as an indicator of froth viscosity, and no froth rheograms were generated to 
calculate froth viscosity. In addition, Zheng et al. (2004b) highlighted the importance of froth 
rheology in modelling froth transportation: the poor prediction of froth transportation by their model 
at deep froth depths was attributed to the change in froth viscosity which was not considered in the 
model. Recently, Harris (2013) proposed a model to predict the froth height above the cell launder lip 
by taking froth rheology into account, in terms of viscosity and yield stress. However, this model has 
not been fully validated in flotation systems due to the absence of a reliable method to measure froth 
rheology. 
The rheology of flotation pulps and mineral slurries is usually measured by a ‘bob and cup’ style 
rheometer (Figure 1.3a) (e.g. Farrokhpay and Zanin, 2012; Genc et al., 2012). It consists of a rotating 
inner cylinder (bob), within an outer cylinder (cup). The bob is rotated at a pre-set speed creating a 
strain on the pulp. The drag force (or torque) on the surrounding cylinder caused by this strain is 
measured and converted to the shear stress. It should be noted that it is difficult to perform this style 
of traditional rheology measurement in a flotation froth. As froth is an unstable three-phase system 
(gas–liquid–solid), the froth structure will be destroyed by the rotating bob. In addition, the froth 
bubble size may be much larger than the clearance between the bob and cup (Shi and Zheng, 2003).  
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The vane rheometer (Figure 1.3b), which consists of a small number (usually 2-8) of thin blades 
arranged at equal angles around a small cylindrical shaft, is a more suitable rheological measurement 
device for a flotation froth. It was developed initially by Nguyen and Boger (1983) with the aim of 
determining yield stress. Shi and Zheng (2003) used a vane rheometer to measure the froth viscosity 
in a 3 m3 Outokumpu cell and found a correlation between the measured torque and the concentrate 
grade. However, their rheology measurement technique did not take into account the effect of 
horizontal froth flow, which is likely to have a deleterious effect on the results. Froth movement may 
interfere with the froth rheology measurement, and mask any changes in froth rheology that may arise 
as a consequence of changes in the operational conditions or feed properties. 
It would be useful to investigate the suitability of this technique in a laboratory-scale system where 
the froth is continually moving towards the lip. This could lead to the development of an improved 
method of measuring froth rheology. 
 
      (a)                                                         (b) 
Figure 1. 3 Examples of ‘bob and cup’ (a) and ‘vane’ (b) rheology measurement devices 
1.4 Effect of froth properties on froth rheology 
Because of the difficulty in measuring froth rheology, no work has been performed to study what 
determines it (i.e. what froth properties affect froth rheology, and how), even though its importance in 
determining froth-zone performance and modelling has been recognised (Zheng, 2009, Harris, 2013). 
Foam rheology, on the other hand, has been widely studied and is well understood. Foam rheology 
has been modelled effectively as a function of foam properties (Princen and Kiss, 1989), and foam 
viscosity is known to be a strong function of bubble size and foam quality (the volume fraction of air 
in the foam) (Bikerman, 1973, Harris and Reidenbach, 1987, Kroezen et al., 1988, Herzhaft, 1999, 
Wang et al., 2014).  
As a flotation froth has a similar structure to a foam, the factors affecting foam rheology might also 
apply to a flotation froth. Hence a study of froth rheology might begin with a study of the effect of the 
bubble size and gas hold-up in the froth. In addition, because a flotation froth differs from a two-phase 
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foam, in that there are also solid particles present on the bubble films and in the Plateau borders and 
vertices, how the presence of solid particles affects the rheology of flotation froths would also need to 
be considered.  
1.5 Effect of froth rheology on froth and flotation performance 
If a better (and accurate) method of measuring froth rheology can be developed, it will provide a 
means to gain insight into the effect of froth properties on froth rheology. It would be logical to 
extend the study to investigate the effect of froth rheology on froth and flotation performance. The 
findings may be able to improve the modelling of froth and flotation performance by incorporating the 
effect of froth rheology in future flotation models.    
1.6 Problem statement 
The importance of froth rheology in flotation has been highlighted. It would be very useful in 
evaluating flotation performance and modelling froth transportation to fundamentally understand froth 
rheology and its effect on flotation performance. However, there is currently no accepted standard 
method to properly measure froth rheology. An appropriate method needs to be developed, possibly 
based on the vane rheometer employed by Shi and Zheng (2003), but taking into account the 
horizontal movement of the froth. In addition, it is not clear yet how the properties (characteristics) of 
a flotation froth affect the froth rheology, but it is expected that the outcomes of rheological studies of 
two-phase systems (e.g. aqueous foams) may also apply to three-phase flotation froths. How the 
particles present in a froth affect the froth rheology would also need to be studied, such an 
investigation could lead to a model to predict froth rheology as a function of froth properties. Finally, 
very little work has been performed on the effect of froth rheology on froth transportation and 
flotation performance. The development of a method to measure froth rheology would allow such 
research to be undertaken. 
1.7 Objectives 
This project was funded by AMIRA P9P sponsors as part of an international collaboration with the 
University of Cape Town, South Africa. The overall aim of the project is to improve the modelling of 
froth recovery and ultimately better understand the effect of flotation froth on flotation performance. 
The work performed for this thesis was specifically designed to focus on froth rheology. The aim is to 
gain insight into how froth characteristics fundamentally affect froth rheology and develop a generic 
model to predict froth rheology as a function of froth properties. In addition, this work also aims to 
study how froth rheology impacts on flotation performance. To achieve these objectives, an 
appropriate method to measure froth rheology needs to be developed first.  
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1.8 Hypotheses 
To achieve the objectives, the following hypotheses have been formulated for testing: 
1. The current methods of measuring froth rheology are not accurate enough. A better measurement 
approach can be developed. 
2. The froth properties that affect froth rheology can be identified; the relationships between froth 
properties and froth rheology can be determined. 
3. A generic model to predict froth rheology can be developed by incorporating froth properties.  
4. Flotation performance is affected by froth rheology through influencing froth behaviour.  
1.9 Scope of the work 
Firstly, an appropriate method to measure froth rheology via a vane system will be developed, taking 
into account the effect of horizontal froth flow. Secondly, the effect of froth properties on froth 
rheology will be investigated through performing flotation tests according to a factorially designed 
experimental program. This work will be carried out in a 20 L continuous flotation cell. Afterwards, 
froth rheology measurements will be conducted in the 20 L continuous flotation cell under different 
flotation operating conditions, in factorially designed experimental programs, to validate the findings. 
In addition, videos of froth movement will be recorded and processed to determine froth properties 
and froth transportation characteristics. Samples will also be collected in each test in order to 
determine key flotation properties and indicators related to overall flotation performance, so that they 
can be correlated with the froth rheology.  
1.10 Thesis overview 
This thesis is structured as follows: 
- Chapter 2 gives a review of literature, with an emphasis on the methods of measuring rheology 
and the froth properties which are expected to affect froth rheology. Froth recovery and drainage 
are also discussed. 
- Chapter 3 details the materials and experimental procedures used in this thesis to perform the 
flotation tests carried out to investigate froth rheology. Some preliminary flotation tests are 
presented to demonstrate the stability and repeatability of the flotation testing procedures. 
- Chapter 4 describes the new approach developed to measure froth rheology. The effect of 
horizontal froth flow on froth rheology measurement is evaluated. The measurement method is 
validated using standard silicone oil.  
- Chapter 5 presents the designed experimental program in which froth rheology is varied by 
changing flotation operating conditions. The rheological characteristics of froth are evaluated and 
the effect of flotation operating conditions on froth rheology is investigated. 
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- Chapter 6 investigates the significance of selected froth properties on froth rheology. A froth 
rheology model is developed as a function of froth properties. This chapter also presents a 
validation of the froth rheology model, using data from flotation tests performed under different 
flotation conditions. 
- Chapter 7 presents an analysis of the effect of froth rheology on key flotation performance 
indicators in the laboratory flotation system tested in this project. Some preliminary 
measurements of froth rheology performed in the froths produced in an industrial scale flotation 
cell are also presented. 
- Chapter 8 concludes the thesis with a summary of the results obtained, and identifies areas not 
covered which can be explored in further work.  
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Chapter 2 Literature Review 
2.1 Introduction 
This chapter will review flotation froth performance and the froth properties which affect the froth 
performance. How froth transportation and potentially froth rheology affect froth performance will be 
also reviewed. This chapter will also present the work that has been performed to date to study the 
rheology of two-phase systems, and the likely froth properties which will affect flotation froth 
rheology. Finally the potential methods of measuring flotation froth rheology are reviewed. 
2.2 Froth flotation 
Froth flotation has been widely used in mineral processing for the separation and concentration of 
mineral ores by exploiting the differences in hydrophobicity of the various minerals in the ores. 
Hydrophobicity is a term used to describe the tendency of a particle to attach to a bubble in flotation. 
Reagents (e.g. collector and frother) are usually added to achieve the optimum flotation performance. 
Collector adsorbs on mineral surfaces and modifies the hydrophobicity of target mineral species; 
frother remains at the gas-liquid interface to reduce the surface tension and produce stable bubbles to 
which the hydrophobic particles can remain attached.  
The most common measures of flotation performance are flotation recovery and concentrate grade. 
Flotation recovery is the mass fraction of the valuable minerals fed into a flotation cell that is 
recovered to the launder. Concentrate grade is the mass fraction of the valuable minerals in the 
concentrate. Flotation performance can be optimized by properly choosing the reagent types and 
dosages, and carefully determining the flotation operating conditions which include gas rate, impeller 
speed and froth depth. Flotation performance may be also influenced by feed properties such as the 
feed particle size distribution.  
2.3 Flotation froth 
2.3.1 Function of the froth 
As discussed in Chapter 1, froth flotation consists of pulp and froth phases. The function of the froth 
phase is to enhance the overall selectivity of the flotation process. The froth achieves this by reducing 
the recovery of entrained material to the concentrate stream, while preferentially retaining the 
attached material. This increases the concentrate grade whilst limiting as far as possible the reduction 
in recovery of valuables. As the final separation phase in a flotation cell, the froth phase is a crucial 
determinant of the grade and recovery of the flotation process (Wills and Napier-Munn, 2006). The 
importance of the cleaning and recovering actions of the froth in flotation has been well recognised 
(Schuhmann, 1942, Moys, 1978, Feteris et al., 1987, Subrahmanyam and Forssberg, 1988, Yianatos et 
al., 1988).  
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2.3.2 Froth properties 
Before discussing froth performance (section 2.3.3 below) it is necessary to gain an insight into the 
froth properties which ultimately define the froth behaviour and performance. Given that a flotation 
froth has a similar structure to a dry foam, the factors that determine foam behaviour and performance 
are likely to affect flotation froth behaviour and performance; these should be studied. The properties 
that affect foam behaviour, especially foam flow, include gas hold-up (i.e. the volumetric fraction of 
gas in a foam) and bubble size (Princen and Kiss, 1989). In addition, in froth two types of solid 
particles are present: the particles attached to the bubble lamellae and the particles trapped in the 
Plateau borders and vertices. Bubble loading, the mass of particles attached to bubble lamellae per 
unit area, has been correlated with froth performance (Seaman et al., 2004). However, it may be not 
appropriate to only use the mass attached to bubble lamellae to evaluate the extent of bubble surface 
covered by particles. It is better to evaluate the presence of particles on bubble lamellae using the 
fraction of the lamellae covered by particles which is a function of the mass, the density and the size 
distribution of the attached particles. Similarly, the presence of particles in the Plateau borders and 
vertices can be evaluated by using the volume fraction of solids in the liquid which is a function of the 
mass percent solids and the particle size distribution in the Plateau border and vertices. The following 
sections will review the current approaches to measure these froth properties. 
2.3.2.1 Gas hold-up  
The degree of gas hold-up in a flotation froth is a consequence of various processes occurring in the 
froth phase (e.g., bubble rupture, coalescence, and water drainage through the Plateau borders and 
vertices). Gas hold-up increases with a decrease in water content in the froth phase, which will be a 
strong function of froth retention time.  
Measuring gas hold-up in the froth zone is not easy due to the low water content and unstable 
characteristics of the froth. Researchers have proposed different methods which can be categorized 
into either direct or indirect solutions.  
The electrical conductivity technique, a direct method of measurement, has been employed 
extensively to determine gas hold-up in froth flotation (Uribe-Salas et al., 1994, Gomez and Finch, 
1995). Tavera et al. (1998) estimated the gas hold-up profile in a flotation column by means of an 
electrical conductivity technique that they termed the “standard addition method”. The technique is 
based on a model that calculates the hold-up of a non-conducting phase dispersed in a conducting 
continuum, in terms of the conductivity of the two phases as shown in Equation 2.1: 
             𝜀𝑔 = (1 − (
𝑘𝑑
𝑘𝑐
))/(1 + 0.5(
𝑘𝑑
𝑘𝑐
))                    (2.1) 
10 
 
where εg  is the gas hold-up, and kd  and kc  are the electrical conductivity of the dispersion (the 
bubble-slurry mixture in flotation) and the continuum (the slurry in flotation), respectively.  
Introducing a non-conducting solid of known volume to an open system changes Equation 2.1 into 
Equation 2.2: 
    𝜀𝑔 +  𝜀𝑠𝑡 = (1 − (
𝑘𝑑𝑠𝑡
𝑘𝑐
))/(1 + 0.5(
kdst
kc
))              (2.2) 
where εst  is the known volume fraction of the added solid, and kdst is the conductivity of the 
dispersion with the solid.  
The conductivities of the dispersion (kd) and the dispersion with the added solid (kdst) can be 
measured. Hence the two unknown variables εg and kc can be solved by combining Equations 2.1 and 
2.2. 
The method only requires direct measurement of the conductivities of the dispersion under the two 
conditions, but is impractical for measuring gas hold-up on-line in a flotation cell because the 
controlled addition of the solid cannot be conducted. In addition, the accuracy of the measurement of 
the dispersion conductivity in low water content situations (e.g. in a flotation column operating with a 
deep froth) is questionable. 
Schwarz (2004) developed a continuous laboratory-scale column that allowed simultaneous sampling 
of both the pulp and froth phases (Figure 2.1). The upper section of the column consisted of eight 
compartments spanning both the collection zone and the froth zone. The compartments in the upper 
part of the column were individually and rapidly ‘sliced’ to enable gas, liquid and solids contents to 
be obtained for each compartment. The gas content within each compartment was determined by 
subtracting the solids and water volumes from the total volume of the compartment, and the gas hold-
up value was a ratio of this value to the total volume of the compartment.  
 
Figure 2. 1 Schematic of the column system used to measure gas hold-up in a froth (Schwarz, 2004)  
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This direct method of measurement of gas hold-up is difficult to apply in a continuously operating 
flotation cell without disturbing (and thus changing) the froth.  In a standard conventional laboratory 
flotation cell, the froth would be too shallow for the technique to be practicable. The compartments 
require sufficient volume to minimise measurement errors, because the masses of water and solid are 
very low in the froth phase. To date, a reliable method of measuring the gas hold-up directly in a 
continuously operating flotation cell has yet to be developed.  
An alternative indirect method of gas hold-up measurement has been proposed by Zheng (2009). It is 
well known that water drains back to the pulp phase because of gravity. Some researchers have shown 
that water drainage and particle drop-back occur mainly in the zone just above the pulp-froth interface; 
consequently the upper zone in the froth phase is a fairly uniform phase (Cutting et al., 1981, Ross, 
1990, Zheng, 2009). Zheng’s (2009)  indirect method is based on the assumption that the froth zone is 
relatively uniform in terms of the distribution of gas and water, especially in the upper froth zone. 
Using this assumption, the gas hold-up can be determined by Equation 2.3:  
                       𝜀𝑓 =
𝑄𝑓𝑐−𝑄𝑐
𝑄𝑓𝑐
=
ℎ𝑓∙𝐿∙𝑣𝑓−𝑄𝑐
ℎ𝑓∙𝐿∙𝑣𝑓
                         (2.3) 
where 𝜀𝑓  represents the mean gas hold-up in the froth phase; 𝑄𝑓𝑐  and 𝑄𝑐  represent the volumetric 
flow rates of froth and concentrate slurry reporting to the concentrate stream, respectively; ℎ𝑓 is the 
froth height above the concentrate lip; L is the length of the concentrate lip; and 𝑣𝑓  is the froth 
velocity flowing over the concentrate launder.  
However, it is expected that this approach may encounter problems as it is very sensitive to ℎ𝑓 which 
often in flotation can be very small and fluctuate, making accurate measurement difficult. Another 
problem with this method is that the concentrate does not always flow over all sections of the 
concentrate lip, which means that L is less than the full length of the concentrate launder under some 
situations.  
In conclusion, there is no reliable and practical technique of directly measuring gas hold-up in a 
flotation froth, and the indirect method proposed by Zheng (2009) may not produce accurate results. 
A useful method of measuring the gas hold-up in the froth phase still needs to be developed. In this 
thesis, the gas hold-up is approximated as the ratio of the volumetric air flow rate added to the 
flotation cell to the total volumetric froth flow rate (see section 3.5). 
2.3.2.2 Bubble size  
Image analysis has been widely used to measure the bubble size distribution in flotation froths 
(Watcharasing et al., 2008, Morar, 2010, Mehrshad and Massinaei, 2011, Hosseini et al., 2014). A 
video camera is mounted vertically above a flotation cell to record the flowing froth. A single light 
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source needs to be provided to generate a single bright spot on each bubble. The video images are 
then analysed by software with specially designed segmentation algorithms to determine and calculate 
the bubble size distribution. An example of this type of camera set-up and the resulting image analysis 
is shown in Figure 2.2. In addition, froth velocity can be acquired by analysis of the froth movement 
with time in the video images. This technique has been successfully used both in the laboratory and in 
industry.   
 
Figure 2. 2 An example of a camera setup performed to measure bubble size (left) and the resulting 
image analysis (right) (Hosseini et al., 2014) 
It is necessary to point out that this technique can only determine the bubble size at the surface of the 
froth. It may be appropriate to use this surface bubble size to represent the average bubble size of the 
entire froth phase when it is shallow or when the region of interest is only the upper section of the 
froth phase above the discharge lip, which is normally relatively shallow. It would not be appropriate 
to use the bubble size at the surface of the froth to represent the average bubble size of a deep froth. 
Bubble size can increase significantly from the bottom to the top of a deep froth.  
Another technique based on electrical resistance tomography (ERT) has also been employed to 
measure the bubble size in a flotation froth (Kourunen et al., 2011, Bhondayi and Moys, 2014, 
Nissinen et al., 2014). This technique uses the difference in electrical conductivity between the water-
containing bubble films and the air contained within a bubble. Air is a poor conductor of electricity 
while water is a good conductor. The electrical conductivity will drop from a high to a low value 
when a conductivity probe moves from water into air. The electrical conductivity profile measured by 
the probe can be used to determine the bubble size distribution (Bhondayi and Moys, 2014). The 
output signal is voltage. The principles associated with using ERT for bubble size measurement are 
shown in Figure 2.3.   
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Figure 2. 3 Illustration of the output voltage signal that is obtained when a conducting thin wire cuts 
through a froth phase (Bhondayi and Moys, 2014) 
This technique is able to measure the bubble size at different froth depths rather than only at the 
surface of the froth, which is a limitation when using an image analysis technique. Thus, the ERT 
technique provides an insight into the variation of bubble size with height in a froth. As mentioned 
previously, in a deep froth (e.g. in a column flotation cell), the bubble size at the bottom of a froth can 
be much smaller than at the top. However, this technique also has its problems. Carlon (1980) argued 
that air humidity within the bubbles may affect the result. In addition, the probe can only measure the 
bubble size at one local position at a time. The bubble size distribution may vary at different positions 
across the cell cross-section, requiring multiple measurements. Furthermore, compared to the image 
analysis technique, this ERT method cannot provide a measurement of froth velocity.  
Hence, the method chosen to measure bubble size in a flotation froth will depend on the purpose of a 
study and the range of froth depths used. For a shallow froth, or when only the upper section of the 
froth is of interest, the image analysis technique may be the most appropriate method, whereas for a 
deep froth, the ERT technique may be more suited.  
2.3.2.3 Fraction of bubble lamellae covered by solids 
The amount of particles attached to bubble lamellae depends on operational factors and the feed 
properties. Sadr-Kazemi and Cilliers (2000) argued that higher surfactant concentration in flotation 
decreases the solids concentration on the bubble lamellae. Ventura-Medina et al. (2004) observed that 
increasing the air flow rate decreased the lamellae solids loading. Feng and Aldrich (1999) in their 
flotation study noted that fine particles had higher bubble loading. In addition, it is obvious that an 
increase of the concentration of hydrophobic minerals in the feed can also increase the solids 
concentration on the bubble lamellae.  
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The estimation of the fraction of bubble lamellae covered by solids requires one to know the total 
lamella area and the particle surface area which covers the lamellae. The particle surface area can be 
calculated by knowing the bubble loading of the lamellae and the particle size distribution (Bradshaw 
and O' Connor, 1996). The lamella area can be acquired via image analysis and bubble loading can be 
estimated by a variety of different methods (Bradshaw and O' Connor, 1996, Sadr-Kazemi and 
Cilliers, 2000, Ventura-Medina et al., 2004). 
Sadr-Kazemi and Cilliers (2000) and Ventura-Medina et al. (2004) measured bubble loading on the 
surface of the froth. They used a clean glass slide to touch the surface of a bubble, bursting the bubble 
and transferring the lamella contents onto the slide. The sample was dried and weighed, and the 
amount of solids attached to the lamella determined gravimetrically. The area covered by the bubble-
print was determined using image analysis. Hence, the bubble loading (grams/surface area) could be 
calculated. Normally the mass of solids attached to the lamella is very small, which makes it difficult 
to measure accurately, and to determine the particle size distribution which is required to calculate the 
proportion of the bubble lamellae covered by solids. Many repeat samples would need to be collected 
to obtain enough material to determine the average particle size distribution.  
Bradshaw and O' Connor (1996) investigated the bubble loading of pure pyrite during flotation in a 
micro-flotation cell. The flotation cell was manufactured with an inverted cone located at the top such 
that bubbles were directed towards the launder. The collected sample was weighed and analysed to 
determine the particle size distribution. The solids collected could be assumed to have been recovered 
by true flotation as the experimental set up minimised entrainment recovery. The bubble size was 
measured using a bubble size analyser (Randall et al., 1989).  The number of bubbles was calculated 
from the total volume of air collected and the mean bubble size. The total bubble surface area was 
calculated using the bubble size and the estimate of the total number of bubbles. Then, the bubble 
loading was calculated. Unfortunately, this method, is not suitable for use in a conventional laboratory 
flotation cell where a large proportion of the flotation concentrate is made up of hydrophilic particles. 
The collected solids cannot all be assumed to be the mass of minerals recovered from attaching to 
bubble lamellae, and therefore bubble loading cannot be calculated.     
In summary, the estimation of the fraction of bubble lamellae covered by solids is related to the 
bubble loading which can be difficult to determine, especially in flotation systems with little 
hydrophobic particles attached to bubble lamellae or a high content of hydrophilic particles. There 
would thus be value in developing alternative techniques for estimating bubble loading. 
2.3.2.4 Solids volume fraction in the Plateau borders and vertices 
The total amount of material (solids and water) in the froth is from two contributions: one is from the 
lamellae and the other is from the Plateau borders and vertices. Ventura-Medina and Cilliers (2002) 
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developed a mass-balance-based method to estimate the volume fraction of hydrophobic and 
hydrophilic solids in the Plateau borders and vertices. In their method, the flow rate of hydrophobic 
solids in the concentrate is from the lamellae as well as Plateau borders and vertices; the flow rate of 
hydrophilic solids in the concentrate is from the Plateau borders and vertices only; and the water flow 
rate to the concentrate is from the Plateau borders and vertices, assuming that water in a froth is 
mainly trapped in the Plateau borders and vertices and that the water contributed from the lamellae is 
negligible. By solving the equations involved in this method, Ventura-Medina and Cilliers (2002) 
could estimate the solids volume fractions in the Plateau borders and vertices. 
Currently there is no direct method of measuring the amount of solids in the Plateau borders and 
vertices. It is only possible to perform this estimation indirectly if the material distribution on the 
lamellae and in the Plateau borders and vertices is known.  
2.3.2.5 Summary 
Methods that are currently used to estimate or measure froth properties have been discussed in the 
previous sections. It is still difficult to measure gas hold-up in a flotation froth; a more appropriate 
method of measuring the gas hold-up in the froth phase needs to be developed. The method chosen to 
measure bubble size in a flotation froth depends on the purpose of a study and the range of froth 
depths used. For a shallow froth, or when only the upper section of the froth is of interest, image 
analysis may be the most appropriate method, whereas for a deep froth, the ERT technique may be 
more suited. In addition, the current methods available to estimate the fraction of bubble lamellae 
covered by solids have limitations in terms of their accuracy and the assumptions involved. Also, 
there is no method available to calculate the solids volume fraction in the Plateau borders and vertices. 
Methods need to be developed in this work in order to study the effect of froth properties on froth 
rheology.   
2.3.3 Measures of froth performance 
The froth properties discussed above affect froth performance, which in turn can directly or indirectly 
affect the overall flotation performance significantly. Froth performance can be evaluated in a number 
of ways. This section will review the various measures of froth performance described in the literature.  
2.3.3.1 Froth recovery 
Froth recovery, the fraction of valuable mineral entering the froth phase attached to air bubbles that  
reports to the concentrate (Finch and Dobby, 1990), is the most commonly used measure to represent 
the efficiency of a froth. The relationship between the froth recovery and the overall flotation 
performance may be determined by representing the flotation process as two zones and using the 
recoveries achieved across these zones to perform a mass balance (Finch and Dobby, 1990). This 
approach is shown in Figure 2.4 where Rf represents the proportion of solids entering the froth 
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attached to air bubbles which is recovered to the concentrate (i.e. froth zone recovery) and Rc is the 
collection zone recovery by true flotation. The overall recovery (R) as a consequence of true flotation 
can be calculated from Equation 2.4. 
 
Figure 2. 4 Interactions between the froth zone and pulp phase in a flotation cell (Finch and Dobby, 
1990) 
 R =
Rc ∙ Rf
Rc ∙ Rf + (1 − Rc)
 (2.4) 
Clearly, the overall flotation recovery, R, is strongly correlated with froth recovery, Rf. A particle may 
be transported to the froth zone after being collected in the pulp zone, but will likely drop back to the 
pulp rather than be recovered into the concentrate if the recovery in the froth zone, Rf, is low. 
Franzidis and Harris (2010) noted that the pulp phase recovery usually ranges from 60% to 99%, 
while the froth recovery can range from 10% to 90% in the cells of a typical flotation plant.  Thus 
more than 50% of the overall recovery may be lost through inefficiencies in the froth phase 
performance.  
Various models and methods of measuring froth recovery have been developed over the last two 
decades. Gorain et al. (1998) showed that there is a relationship between froth recovery and froth 
retention time;  Harris (1998) and Mathe et al. (2000) further developed this relationship. Four 
different methods have been proposed for measuring froth recovery in an industrial flotation plant: the 
changing froth depth technique (Feteris et al., 1987, Vera et al., 1999b); the mass balance technique 
(Savassi et al., 1997, Alexander et al., 2003); the direct measurement of bubble loading which is then 
used to calculate froth recovery (Savassi et al., 1997, Seaman et al., 2004); and the measurement of 
froth dropback which enables calculation of froth recovery (Rahman et al., 2013). All these models 
and methods will be discussed below.  
2.3.3.1.1 Models of froth recovery 
Gorain et al. (1998) found a strong correlation between the overall flotation rate constant (k) and the 
bubble surface area flux (Sb) in a flotation cell, defined as the ratio between the superficial gas rate 
Collection
Zone
Froth Zone Concentrate
RC·Rf
Tailings
Feed = 1
RC·(1 - Rf ) RC
(1 - RC )
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and the Sauter mean bubble diameter, and argued that the 𝑘 - 𝑆𝑏 correlation could be used in flotation 
cell scale-up. They investigated the 𝑘 - 𝑆𝑏 relationship in a 250 litre cell and a 3 m
3 cell at shallow, 
intermediate and deep froth depths, and found that in the tests conducted at shallow and intermediate 
froth depths, the data obtained from the two cells could be represented by the same 𝑘 - 𝑆𝑏 relationship, 
as long as the ratio of froth height to superficial gas velocity in the cells was kept constant (Gorain et 
al., 1998). The ratio was defined as froth retention time. However, at deep froth depths or large values 
of froth retention time, the k - Sb relationship between the data obtained from the two cells was poor. 
This suggests that the scale-up of the 𝑘 - 𝑆𝑏 relationship strongly depends on froth retention time. 
Gorain et al. (1998) argued that the 𝑘 - 𝑆𝑏 relationship for the two cells was not the same because the 
distance between the pulp-froth interface and the launder was different in the two cells. Gorain et al. 
(1998) took this into account by dividing the froth retention time by a typical cell geometry, the 
perpendicular distance from impeller to launder: once again, the data obtained from the two cells 
could be represented by the same 𝑘 - 𝑆𝑏 relationship. The redefined froth retention time was called the 
“specific” froth retention time. 
Gorain et al. (1998) found that 𝑘/𝑆𝑏 values decreased exponentially with an increase in specific froth 
retention time and fell onto the same curve for different sizes of flotation cell (Figure 2.5). Gorain et 
al. (1998) demonstrated in their work that the 𝑘/𝑆𝑏 term is directly proportional to froth recovery; 
hence, froth recovery decreases exponentially with an increase in the specific froth retention time. 
This was confirmed by Harris (1998) and Mathe et al. (2000).  
 
Figure 2. 5 The correlation between k/Sb and specific froth retention time (Gorain et al., 1998)  
To describe this correlation, Vera et al. (2002) proposed an empirical model (shown in Equation 2.5), 
which relates froth recovery to the specific froth retention time via an exponential decay relationship: 
 
 Rf = 100 ∙ e
−βFRT (2.5) 
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where 𝑅𝑓  is the froth recovery, FRT is the specific froth retention time, and 𝛽 is a froth stability 
parameter which is arguably related to the rate at which the bubbles are coalescing and bursting, 
causing particles to detach from bubble surfaces. The detached particles will either drain back to the 
pulp or be recovered into the concentrate launder in the water between the bubbles.   
Savassi (1998) recognised that a proportion of the particles that detach from bubbles still report to the 
concentrate launder via the entrainment mechanism, and developed a model to describe the 
phenomenon. The model is shown in Equation 2.6: 
                                               Rf = (1 − PDT
FR) +  PDT
FR ∙ (1 − PDR
FR)                                        (2.6) 
where 𝑃𝐷𝑇
𝐹𝑅  is the probability of detachment in the froth and 𝑃𝐷𝑅
𝐹𝑅  is the probability of drainage of 
detached particles back to the pulp.  
Based on the models of Gorain et al. (1998) and (Savassi, 1998), Mathe et al. (2000) developed the 
model further by relating the proportion of non-draining material to the froth retention time and a 
particle settling constant. This model is shown in Equation 2.7: 
 
 Rf = exp(-β ∙ FRT) + (1 - exp(−β ∙ FRT)) ∙
1
1 + ω∙FRT
 (2.7) 
where ω is the drainage rate of detached particles to the pulp phase.  
The parameters in these models (i.e. froth stability factor, 𝛽 and the drainage rate of detached particles 
to the pulp phase, 𝜔 ) are currently empirical, and fitted from experimental data. It is believed that 
these parameters are not constant in different flotation cells, but vary with ore properties, operating 
conditions and flotation reagents.  
2.3.3.1.2 Measurement of froth recovery 
Four different approaches have been used to measure froth recovery in industrial flotation cells. These 
have been summarised and reviewed by both Franzidis and Harris (2010) and Runge et al. (2010). 
The principles and limitations of these methods are summarised in Table 2.1.  
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Table 2. 1 Principles and limitations of the available methods for measuring froth recovery 
Methods Principles Limitations 
Mass balance  
(Alexander et al., 
2003) 
Bubble loading is inferred by collecting 
various samples from the flotation cell and 
performing a mass balance. 
Froth recovery is the ratio of the mass flow 
rate of attached particles in the concentrate to 
the mass flow rate of attached particles 
across the pulp-froth interface. 
Not accurate in cleaner 
and scavenger circuits. 
Changing froth 
depth  
(Vera, 1999) 
This method involves operating a flotation 
cell at different froth depths to extrapolate 
and estimate the collection zone rate constant 
at zero froth depth. 
Froth recovery is the ratio of the flotation 
rate constant at a particular froth depth to the 
flotation rate constant at zero froth depth. 
Labour intensive and 
time consuming; 
Disturbs downstream 
cell performance; 
Only measures 
recovery losses across 
the froth phase, 
excluding losses that 
occur at the pulp-froth 
interface. 
Bubble loading  
(Savassi et al., 
1997, Seaman et 
al., 2004, 
Yianatos et al., 
2008) 
A device is used to collect samples of 
bubble-particle aggregates rising towards the 
pulp froth interface, from which bubble 
loading may be calculated. 
Froth recovery is the ratio of the mass flow 
rate of attached particles in the concentrate to 
the mass flow rate of attached particles 
flowing across the pulp-froth interface. 
Not accurate in coarse 
particle applications 
due to particle 
detachment in the 
device. 
Froth dropback 
(Rahman et al., 
2013) 
A device used to measure the mass flow rate 
of particles dropping back to pulp. Froth 
recovery is the ratio of the mass flow rate of 
recovered particles to the combined mass 
flow rate of recovered particles and dropback 
particles 
Over-predicts froth 
recovery owing to 
gangue entrainment. 
Franzidis and Harris (2010) and Runge et al. (2010) concluded that none of the reviewed approaches 
was able to measure froth recovery accurately in all applications. As none of the current methods can 
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be used to measure froth recovery reliably in all applications, the search continues to develop an 
accurate and practical method of measuring froth recovery. An alternative to using froth recovery as a 
measure of froth performance is introduced in the next section. 
2.3.3.2 Air recovery 
The valuable minerals are transported from the pulp-froth interface to the launder by attachment to air 
bubbles in the froth phase. The more air is recovered to the launder, the more valuable minerals are 
recovered to be concentrate. Hence, froth recovery is likely to be positively correlated with air 
recovery. Air recovery, the volume fraction of air that survives and reports to the concentrate, is often 
used by researchers as a proxy for froth recovery when evaluating froth performance (Hadler and 
Cilliers, 2009, Leiva et al., 2012). Air recovery can be calculated using Equation 2.8, developed by 
Cilliers et al. (1998):  
                             𝛼𝑎 = 100 ∙
𝑄𝑜𝑣𝑒𝑟𝑓𝑙𝑜𝑤
𝑄𝑖𝑛
=  100 ∙
1
2
∙
𝑣𝑓∙𝐿∙ℎ𝑓∙𝜀𝑓
𝐽𝑔∙𝐴
               (2.8) 
where αa is air recovery (%), Qoverflow is the volumetric flow rate of air overflowing the lip (ml/s), 
Qin is the total volumetric flow rate of air entering the froth phase (ml/s), vf is the froth discharging 
velocity at the lip (cm/s), L is the lip length (cm), 𝜀𝑓 is the gas hold-up in the froth phase (-), Jg is the 
superficial gas velocity, and A is the cell cross section area (cm2). The term “1/2” accounts for the fact 
that the average discharge velocity of the froth is half of the discharge velocity at the surface. 
2.3.3.3 Froth stability 
Froth stability is related to bubble coalescence and bubble bursting. The rate of bubble coalescence or 
bubble bursting in the froth phase is inversely related to the froth stability. As discussed before, froth 
recovery is affected by froth stability. In an unstable froth, bubble bursting and coalescence cause 
some particles to detach from the bubble lamellae. Some of the detached particles drain back into the 
pulp phase. The more particles detach from the bubble lamellae owing to bubble coalescence and 
bubble bursting, the more particles drain back to the pulp phase, and the less valuable minerals are 
recovered. In addition, froth stability can also influence the froth retention time, which strongly 
affects froth recovery. Bubbles bursting at the froth surface can retard the froth movement toward the 
concentrate launder, and increase the probability of particles dropping back into the pulp.  
Froth stability is determined by the amount of frother adsorbed on the lamellae and the coverage of 
solid particles attached to the lamellae. Frother is added nearly universally in mineral flotation to 
enable bubble generation and regulate bubble size. There is no agreed mechanism of how frothers act 
to enhance froth stability. Prevention of coalescence and bursting is a common explanation (Finch et 
al., 2008). The efficiency of a frother to prevent bubble coalescence and bursting depends on the 
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frother type and concentration (Finch et al., 2008, Kracht and Finch, 2009). The action of preventing 
bubble coalescence and bursting increases with increasing frother concentration.  
The effect of particles attached to the lamellae on froth stability in flotation depends on the mineral 
hydrophobicity, the bubble loading and the particle size. It has been shown that there is an optimum 
particle hydrophobicity that promotes froth stability (Johansson and Pugh, 1992, Ata et al., 2003, 
Schwarz and Grano, 2005). Hydrophilic particles cannot attach to bubble surfaces, while highly-
hydrophobic particles destabilize the froth by thinning the inter-bubble liquid bridged by the particles 
(Dippenaar, 1982). It is well known that, in most flotation froths, stability can be enhanced by 
attached particles, owing to an increase in the rigidity of the bubble shells and the formation of a 
tightly bound hydrophobic particle layer, which retards coalescence (Johansson and Pugh, 1992, Ali 
et al., 2000, Bournival et al., 2015). However, overloaded bubbles may induce bubble coalescence and 
bursting. Ross (1997) and Uribe-Salas et al. (2007) argued that bubble overloading was responsible 
for intensification of bubble coalescence and bursting. 
An effect of particle size on bubble coalescence and bursting has also been reported. Tao et al. (2000) 
argued that, in coal flotation, ultra-fine particles destabilized bubbles at high concentration, while 
coarse particles destabilized bubbles at low concentration but stabilized bubbles at high concentration. 
It is also likely that particle shape will have an impact on froth stability in flotation, but there has not 
been any study of the effect of this parameter on froth stability reported in the literature.  
Froth stability can be measured by different methods. The most commonly used method is to insert an 
open-ended cylinder below the pulp-froth interface and allow the froth to rise to an equilibrium froth 
height under stable conditions (Barbian et al., 2003). The equilibrium froth height is used as a 
measure of froth stability. However, it is difficult to use the value in froth modelling as it is not a 
fundamental froth property. Image processing is another promising way to evaluate froth stability. 
Zheng (2009) used image processing to obtain bubble bursting rates which he used in froth modelling 
(bubble burst rate is the volume of bursting bubbles at the froth surface per area per time). However, 
the accuracy of this technique is questionable, as the technique produced extremely small values of 
bubble bursting rate. Hence, a better technique to measure froth stability needs to be developed that 
can produce accurate data for froth modelling. 
2.3.3.4 Froth transportation 
Froth transportation can be strongly correlated with flotation performance, as it affects the time that 
particles reside in the froth phase and therefore the probability of their surviving the froth phase. As 
mentioned earlier in this chapter, froth retention time is strongly related to froth recovery (see Figure 
2.5). To date, two models of froth retention time have been developed and are presented in this 
section. 
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It has been recognised that the time for a particle to transfer through the froth phase will depend on 
the position at which it enters the froth. The probability of a particle reporting to the concentrate 
stream decreases as the distance to the concentrate weir increases, as a result of the greater probability 
of bubble bursting and coalescence. Particles entering the froth near the back of the cell, or very close 
to the impeller shaft, may in fact never be removed, as this froth periodically collapses and returns 
particles to the pulp phase. To represent these different areas within the froth, Moys (1984) split the 
froth into three zones, each depicting a different type of froth flow, as presented in Figure 2.6. The 
volumetric flow rate of air entering each stage is gf (x) while gb (x) corresponds to the volumetric flow 
rate of air lost from the top of each stage through bubble bursting and/or drainage.  
 
 
Figure 2. 6 A three-stage froth model depicting the froth trajectory (Moys, 1984) 
Froth recovery in this type of model increases gradually from stage one to three, or from the longest 
distance from the discharge point to the launder lip. This concept was employed in the models 
proposed by Zheng et al. (2004b) and Contreras et al. (2013) to predict froth retention time in flotation. 
Zheng et al. (2004b) divided the whole froth zone into three zones (Figure 2.7): a stagnant zone, a 
vertical transport zone and a horizontal transport zone. They assumed that froth moves up vertically 
from the interface to the level of the concentrate launder weir. Above the concentrate launder level, 
froth flows horizontally towards the concentrate lip, where it overflows into the concentrate launder. 
Because of air exiting the top of the froth, a significant amount of the air flow in the horizontal 
transport zone does not survive into the concentrate. Based on the mass balance of air through the 
pulp-froth interface, the transportation time of air bubbles and attached particles at a given location of 
the pulp-froth interface can be expressed as a function of the froth transportation distance/cell size, the 
superficial gas velocity (Jg), the froth depth below and froth height above the launder lip (Hf and hf), 
respectively, the gas hold-up in the froth (εf) and the specific bubble bursting rate on the surface (δ). 
For the base case of a cylindrical tank cell with an open surface and a radius of R, the froth at a 
location of r from the geometrical centre of the cell will take time tf to transfer through the froth phase 
as shown in Equation 2.9: 
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Figure 2. 7 Froth transport model of a cylindrical industrial flotation cell (Zheng et al., 2004b) 
tf(r) =
Hf ∙ εf
Jg
+
2 ∙ hf ∙ εf
Jg − δ
∙ ln (
𝑅
𝑟
) 
 
(2.9) 
The model includes not only froth properties such as the air hold-up, the froth stability, the specific 
bubble bursting rate and the froth depth above the launder level, but also the cell geometrical design 
and operating parameters such as the froth depth below the concentrate launder lip and the superficial 
gas velocity. However, as froth depth increases, a discrepancy arises between the experimental data 
and model-predicted froth transportation times (Zheng et al., 2005). The variations in operational 
settings change the froth characteristics, which potentially affect the froth viscosity and the froth 
stability. Changes in the froth viscosity will likely change the height to which the froth rises and this 
will affect the froth retention time.  In Zheng’s model the height above the lip, hf, is not predicted and 
is assumed to be constant.  Changes in the froth stability would change the bubble burst rate 
parameter, which in the model is also assumed to be a constant. At deep froth depths, the froth 
structure may have changed sufficiently to result in the observed discrepancies. 
Contreras et al. (2013) have recently proposed a modified approach to model froth transportation, 
based on the Zheng et al. (2004b) model. The main difference between these two models is the froth 
motion above the concentrate launder lip level. The streamlines of froth motion above the concentrate 
launder lip are dependent on the point at which the bubble enters the froth phase at the pulp-froth 
interface (Murphy et al., 1996, Cole et al., 2012). The probability of the air being recovered to the 
concentrate stream increases from the back wall to the concentrate weir. In the model, the froth phase 
consists of a vertical transport zone and a combined transport zone as shown in Figure 2.8. 
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Figure 2.8 Froth transport zones in the Contreras et al. (2013) model 
The froth retention time of a bubble entering the froth phase at a distance between the launder lip (x=0) 
and the back wall (x=L) consists of two terms (Equation 2.10).  
 
 tf(x) =
Hf ∙ εf
Jg
+ ∫
εf ∙ hf
Jg ∙ z ∙ far(z)
L
x
dz (2.10) 
 
where tf(x) is the residence time in the froth for a bubble that enters the pulp-froth interface at a 
distance x from the launder lip, Jg is the superficial air velocity, εf is the gas hold-up, and far(z) is the 
cumulative air recovery function, which is an S-shaped model. The first term represents the vertical 
residence time which is the same as that in the Zheng et al. (2004b) model. The second term 
represents the combined zone residence time. 
The parameters involved in this model are quite similar to those in the Zheng et al. (2004b) model, 
except for the calculation of the froth stability. A cumulative air recovery function is employed in this 
model rather than a single bubble burst rate parameter. The advantage of this model compared to the 
Zheng et al. (2004b) model is the inclusion of froth streamlines above the concentrate launder lip, 
resulting in the froth movement rate gradually increasing from the back wall (x=0) to the concentrate 
launder weir (x=L). However, the model accuracy has not been validated at different froth depths. The 
same problem may be encountered in this model as with the Zheng et al. (2004b), with the model 
prediction becoming less accurate as the froth depth is increased, due to a change in froth rheology or 
froth stability. 
Froth above the concentrate lip also plays a key role in providing a driving force for the froth towards 
the concentrate weir. The height of the transport zone in this model is again assumed to be constant, 
which may not be true.  A more viscous froth, for example, would be expected to rise to a greater 
height than a free flowing froth. The model also assumes that the air rate function will not change 
with cell operation, which is also unlikely to be true. 
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In contrast to the compartmentalised froth models presented above, Brito-Parada and Cilliers (2012) 
presented a three dimensional CFD model of the froth which they used to simulate froth transportation 
and liquid drainage of a foam in a laboratory flotation cell with different froth launder geometries. 
This model incorporated froth viscosity as a fixed input parameter which was related to the liquid 
viscosity.  Princen and Kiss (1989) have demonstrated that foam viscosity is not only a function of 
solution viscosity but also bubble size and surface interfacial tension and is therefore not a fixed 
quantity but will change with froth properties. Brito-Parada and Cilliers (2012) stated that their model 
still requires further development so as to model all of the subprocesses occurring in the froth phase, 
including a need to develop a more complex rheological representation of the flow.  
2.3.3.5 Froth height above the lip 
Froth height above the lip determines the froth transportation volume and consequently affects the 
froth transportation velocity, which influences the froth retention time. Hence, the froth height above 
the lip can indirectly affect the flotation performance. Harris (2013) recognised that the height to 
which the froth rises above the launder lip will vary with froth properties and operating conditions, 
rather than being constant. The equilibrium height at which the cell operates will be the point at which 
the energy of the system is minimised; the energy components consist of the kinetic energy of the 
concentrate discharge (𝐸𝑘), the gravitational energy of the froth zone above the concentrate launder 
level (𝐸𝑔), and the flow resistance (𝐸𝜇). Harris (2013) developed a model to predict the froth height 
above the lip by incorporating froth rheology. As this model has not yet been released publically, and 
is subject to an IP confidentiality agreement, no additional model details can be presented here. The 
general structure of the model, representing the energy balance between the three energy components, 
is shown in Equation 2.11. 
𝐸𝑘 =  𝐸𝑔 − 𝐸𝜇                     (2.11) 
Froth rheology affects the flow resistance (𝐸𝜇) and hence the equilibrium height to which the froth 
rises, and therefore the froth retention time (Equation 2.9 and 2.10). It can also affect the proportion of 
the froth which is stagnant (when the shear stress on the froth cannot overcome the froth yield 
stresses). There will also be a froth retention time beyond which the weight of the froth becomes 
excessive, and the froth collapses. An increase in the resistance of flow of a froth is therefore expected 
to detrimentally affect the recovery of a flotation cell. Harris (2013) predicted concentrate flow rate in 
terms of solids and water using this model, which currently uses only one fitted constant to represent 
the froth rheological behaviour. However, changes in froth properties that would most likely occur 
with a change in cell operation could result in a change in froth rheology, affecting the accuracy of the 
model.  
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2.3.3.6 Summary of froth performance 
Froth recovery is the most important measure of froth performance which directly impacts the overall 
flotation performance. However, given the difficulty in measuring froth recovery, air recovery will be 
used in this thesis as a proxy for froth recovery. Froth recovery is influenced by froth retention time 
and froth stability. The current models that predict froth retention time have a number of limitations, 
and poorly predict (or are likely to poorly predict) froth retention time when deep froths are employed, 
probably because they ignore froth rheology effects. The froth height above the lip can indirectly 
affect froth recovery and flotation performance via influencing froth retention time. Harris’s model of 
predicting the froth height above the lip incorporates froth rheology as a key factor (Harris, 2013) but 
currently assumes that froth rheology remains constant with a change in cell operating conditions. 
There is a need to better understand how flotation froth rheology affects the flotation froth 
performance and consequently flotation performance.   
2.4 Rheology  
Rheology is the science related to the deformation and flow of matter. The rheological behaviour of a 
substance is often presented as a plot of the shear stress against the shear rate (the ‘flow curve’ or 
‘rheogram’) measured by a rheometer. Various types of rheograms are illustrated in Figure 2.9. In 
general, a substance can exhibit either Newtonian or non-Newtonian behaviour, with the latter 
including dilatant, plastic, pseudo-plastic and Bingham behaviours. A Newtonian fluid exhibits a 
linear increase of the shear stress as a function of the shear rate. Two important rheological terms 
which are often associated with rheology studies are ‘yield stress’, which is the intercept of the flow 
curve on the shear stress axis at zero shear rate, and ‘apparent viscosity’, which is the slope of the line 
connecting the origin and a point on the flow curve at a particular shear rate. As shown in Figure 2.9, 
the viscosity is constant throughout the entire shear rate range for Newtonian fluids. However, it 
changes as a function of shear rate for non-Newtonian fluids. Therefore, the viscosity of a non-
Newtonian fluid at a specified point is referred to as ‘apparent viscosity’. It has been also shown that 
the material flow is significantly different below and above the yield stress (Barnes, 1999).  
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Figure 2. 9 Schematic diagram of shear rate as a function of shear stress for different types of fluid 
(after Mewis and Wagner, 2012)  
In general, multi-phase fluid can be one of three types: a solid-liquid suspension (e.g. grinding slurry), 
a gas-liquid foam (e.g. beer foam) or a gas-solid-liquid froth (e.g. flotation froth). Both suspensions 
and foams are two-phase regimes, whereas froth is a three-phase regime. The rheology of two-phase 
regimes is relatively well understood while that of three-phase regimes such as flotation froth is still 
poorly understood. The following sections summarise the current understanding of the rheology of 
these various regimes, and the techniques used to measure rheology in each case. 
2.4.1 Rheology of solid-liquid suspensions 
2.4.1.1 Mechanism of suspension rheology 
The rheology of flowing suspensions depends on the characteristics of the continuous and the discrete 
phases. In general, the viscosity of a solid-liquid suspension (η) is directly proportional to the 
viscosity of the liquid (η𝐿), which might be Newtonian or non-Newtonian. Most rheological models 
are expressed in terms of the relative viscosity of the suspension (η𝑟) (Genovese, 2012), as defined in 
Equation 2.12: 
                                            η𝑟 = η/η𝐿                                   (2.12) 
The relative viscosity of a suspension depends on the shear rate, the volume fraction of the solid and 
the particle shape (Einstein, 1956, Genovese, 2012, Mewis and Wagner, 2012). In a dilute suspension, 
the distance between the particles is much bigger than the mean particle size; therefore, the attractions 
or long range repulsions are negligible between the particles. The flow of such a suspension is 
dominated by liquid viscous forces. The presence of solid particles in the suspension leads to an 
increase in the energy dissipation and an increase in viscosity (Zhou et al., 2001, Genovese, 2012). 
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Einstein (1956) proposed a theoretical model for the relative viscosity of a dilute suspension as shown 
in Equation 2.13: 
                                 η𝑟 = 1 + [η]𝜀𝑠                                 (2.13) 
where [η] and εs  are the intrinsic viscosity and the volume fraction of the particles, respectively. 
Theoretically, [η] depends on the particle shape, being 2.5 for a rigid sphere.  
When the solids volume fraction increases to a moderate level of about 10%, the average distance 
between the particles becomes approximately equal to their average diameter. The interaction between 
pairs of particles starts to influence the suspension rheology by dissipating shearing energy, resulting 
in a significant positive deviation from Equation 2.13 (Figure 2.10). The effect of particle interactions 
on suspension rheology is complex, but can be generally expressed as a Taylor expansion in powers 
of the solids volume fraction as shown in Equation 2.14 (Mewis and Wagner, 2012): 
              𝜂𝑟 = 1 + 2.5𝜀𝑠 + 𝑐2𝜀𝑠
2 + 𝑐3𝜀𝑠
3 + ⋯               (2.14) 
where ci is the expression coefficient.  
 
Figure 2. 10 Relative viscosity versus particle volume fraction predicted by Einstein’s model for a 
dilute suspension, and Krieger-Dougherty’s model for a concentrated suspension (Genovese, 2012) 
As shown in Figure 2.10, the relative viscosity of a suspension increases fairly slowly at low volume 
fraction of particles, but starts to increase sharply as the volume fraction increases, due to the 
significant energy dissipation resulting from the friction between particles. The suspension viscosity 
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tends to infinity when the solids volume fraction is close to the maximum where the suspension stops 
flowing and behaves like a solid body.  
In mineral processing, suspension rheology has been widely studied. The effect of slurry rheology on 
grinding performance is quite well understood (Klimpel, 1999, Shi and Napier-Munn, 2002, He et al., 
2004). In addition, the effect of pulp rheology on the kinetics of flotation in the pulp phase also has 
been recognised (Farrokhpay, 2012, Genc et al., 2012, Zhang and Peng, 2015).  
2.4.1.2 Measurement of suspension rheology 
Rotational rheometers are the most commonly used devices to measure the rheology of industrial 
suspensions, owing to their compactness, the ease of completing measurements, the ease of data 
analysis, and the small volumes of sample required (Fisher et al., 2007b). Rotational rheometers 
involve the relative rotation about a common axis of one of three geometries: concentric cylinder, 
cone and plate, or parallel plates, as shown in Figure 2.11. Normally, the gap between the stationary 
and rotating parts of a rotational rheometer is relatively small.  
 
Figure 2. 11 Schematic diagram of basic geometries for the rotational rheometer: (a) concentric 
cylinder, (b) cone and plate, (c) parallel plate  (Kim et al., 2015) 
Taking the concentric cylinder geometry (Figure 2.11a) as an example, the inner cylinder rotates 
during measurement while the outer cylinder is fixed. Occasionally, the outer cylinder rotates and the 
inner cylinder is fixed. Only the speed of rotation of the cylinders relative to each other is important 
(Mewis and Wagner, 2012). The material filling in the gap between the cylinders is sheared by the 
rotating cylinder; owing to its viscous nature, the material resists the cylinder rotation and a torque is 
detected by the rheometer. The relative rotational speed between the two cylinders and the torque 
value are converted to shear rate and shear stress to generate a rheogram.  
2.4.2 Rheology of aqueous foams 
2.4.2.1 Mechanism of foam rheology 
Foams are gas-bubble dispersions in an aqueous solution, with a packing fraction above a critical 
value (Cohen-Addad and Höhler, 2014). The bubbles are stabilized by surfactants (e.g. flotation 
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frother). From the study of aqueous foams, it is known that when the gas volume fraction is less than 
0.73, bubbles disperse in the liquid phase without becoming attached to one another; at a gas volume 
fraction greater than 0.73, the bubbles start to pack and are separated by thin-plane-parallel films 
forming polyhedral cells (lamellae) (Princen and Kiss, 1989). The thin lamellae meet in lines (Plateau 
borders) and the lines meet at vertices (Bikerman, 1973, Ventura-Medina and Cilliers, 2002). In a 
foam, the volume fraction of air is normally very high and exceeds the “packing concentration” of 
rigid sphere suspensions (Herzhaft, 1999).  
Foam rheology is affected by the bulk liquid rheology, the foam quality (i.e. gas volume fraction or 
gas hold-up) and the bubble size. In a wet foam, in which air bubbles disperse in the continuous phase 
as rigid spheres, the probability of bubble collision is low. When shear is applied to a wet foam, the 
energy is dissipated due largely to shearing of the liquid in the foam; consequently, the foam rheology 
is dominated by the bulk liquid rheology. In a foam with a medium water content, energy dissipation 
occurs as a consequence of shearing of both the bubbles and the liquid. Foam texture is perpetually 
changing and, consequently, irreversible changes in surface area (i.e. bubble deformation) and bubble 
rearrangement occur, the resistance to which is reflected by the foam viscosity.  
The resistance to bubble deformation is defined as the foam dilational rheology. This is determined by 
the bubble surface tension, which in turn is influenced by the bubble size and the surfactant 
concentration. The resistance to bubble rearrangement is defined as the shear rheology, which is 
determined by the friction between the lamellae (Denkov et al., 2009, Maestro et al., 2015). Bikerman 
(1973) noted that the lamella was significantly more viscous than the bulk liquid, owing to the 
surfactant-induced immobility. The length of the lamella in a given volume of froth is determined by 
the bubble size. A bigger mean bubble size in the froth indicates a lower total lamella length and vice 
versa. Hence, for foam with a medium water content, foam rheology is determined by the liquid 
rheology, the gas hold-up and the bubble size.  
In dry foam, in which air bubbles are highly packed as polyhedra with a negligible water volume 
fraction, the energy is mainly dissipated to shear the bubbles, and the foam rheology is dominated by 
the bubble size. In addition, as foam behaves like a solid under low stress but flows like a liquid under 
high stress, it has a yield stress (Weaire, 2008). The magnitude of the yield stress of foam is 
associated with various foam properties. Princen and Kiss (1989) have developed a model for dry 
foam and highly concentrated emulsions that predict apparent viscosity as a function of the foam or 
emulsion properties (Equation 2.15):  
          𝜂 =
𝜏𝑦
?̇?
+ 32.0(𝜀𝑓 − 0.73)𝜂0𝐶𝑎
−0.5                 (2.15) 
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where 𝜂 is the apparent viscosity (Pa ∙ s), ?̇? is the shear rate, 𝜏𝑦 is the yield stress (Pa), 𝜀𝑓 is the gas 
hold-up, 𝜂0 is the viscosity of the Newtonian continuous phase (Pa ∙ s) and 𝐶𝑎 is the capillary number 
given by Equation 2.16:  
                                                            𝐶𝑎 =
𝜂0𝑅32?̇?
𝜎
                                     (2.16) 
where 𝑅32 is the Sauter mean bubble radius (cm) and 𝜎 is the interfacial tension (N/cm).  
The model fundamentally demonstrates how foam properties affect the rheology of aqueous foam. 
However, owing to the presence of solid particles in flotation froths, which can significantly affect 
froth rheology, the model has not been used in its present form to predict froth rheology.  
2.4.2.2 Measurement of foam rheology 
A large variety of standard rheometers and purpose built set-ups have been used to determine foam 
rheological behaviour on a macroscopic scale. The most widely used rheometer types are parallel-
plate rheometers (Figure 2.11c) (Neff and Macosko, 1996, Herzhaft, 2002, Arif et al., 2012, Costa et 
al., 2013a) and pipe viscometers (i.e. capillary viscometers) (Herzhaft et al., 2005, Zhao et al., 2009, 
Sherif et al., 2015).  Figure 2.12 shows an example of a pipe viscometer.   
 
Figure 2. 12 Schematic of a pipe viscometer and associated foam generation system (Sherif et al., 
2015) 
During measurement using a parallel-plate rheometer, the gap between the two plates is filled with 
foam, either as a monolayer or a multilayer. Normally the lower plate is fixed and the upper plate is 
rotated or moved tangentially against the lower plate at a certain shear rate (or shear stress). 
Consequently, a shear stress is detected by the lower plate. The gap used between the parallel plates is 
based on the bubble size distribution.   
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Two problems arise when using the parallel-plate rheometer to measure foam rheology. The first is 
wall slip between the foam and the plate, owing to the existence of a thin liquid film near the wall, 
causing the measured foam viscosity to be less than the actual viscosity. When the foam is sheared, 
large velocity gradients appear in this liquid film, presenting a low viscosity, and lead to apparent slip 
of the foam. The slip velocity will depend on the shear stress at the wall, and on the size of the liquid 
film, and will alter the viscosity measurements (Herzhaft, 2002). The second problem is foam aging. 
The structure of a foam evolves under imposed stress over time owing to bubble rearrangement. 
Herzhaft (2002) observed an evolution of foam structure, from a disordered state of bubbles in the gap 
to a state where larger bubbles exist in the centre and smaller bubbles exist either side of the gap. 
Another effect of foam aging is diffusive coarsening, which is due to the exchange of gas between 
bubbles and leads to an increase in the average bubble size as larger bubbles grow at the expense of 
smaller bubbles which eventually disappear (Durian et al., 1990, Herzhaft, 2002). As mentioned 
above, the bubble size is of importance in determining the foam rheology. Hence, foam aging in a 
parallel-plate rheometer has a deleterious impact on rheology measurement.  
The capillary rheometer is the oldest and most widely used method of qualitative estimation and 
viscosity measurement  of aqueous foams (Mewis and Wagner, 2012). The method essentially 
involves measuring the resistance to the flow of fluid through a calibrated channel. The main 
objective of the capillary viscometry is to establish the relationship between the volumetric flux and 
the pressure drop in the capillary. The term “capillary” usually means any tube (channel) with 
arbitrary length and cross-section (though, as a general rule), a cylinder with a large length-to-radius 
ratio is used (Mewis and Wagner, 2012).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
The limitations associated with using the parallel-plate rheometer to measure foam rheology are also 
as issue for the capillary rheometer (i.e. wall slip and foam degradation). Much effort has been 
devoted to improving the accuracy of the measurement of foam rheology using the capillary 
rheometer. Zhao et al. (2009) observed that wall slip could be eliminated by using a stainless steel 
tube. However, foam degradation remains a problem. Khade and Shah (2004) and Herzhaft et al. 
(2005) developed recirculating capillary rheometers to measure the steady–state flow curves of stable 
foams at relatively high shear rates, without a significant evolution of the foam structure during 
measurement.   
2.4.3 Rheology of froths  
2.4.3.1 Mechanism of froth rheology 
The presence of solid particles at a gas-liquid interface changes its rheological characteristics. It is 
well known that the degree of attachment of solid particles to the gas-liquid interface in flotation 
depends on the hydrophobicity: hydrophobic particles attach to the interface while hydrophilic 
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particles tend to stay in the liquid phase (Sutherland and Wark, 1955, Wills and Napier-Munn, 2006). 
Levine et al. (1989) noted that, in most cases, once particles have arrived at the interface, they 
remained trapped irreversibly, and no partitioning of the particles between the fluid phases occurs due 
to the high attachment energies involved. The presence of particles on the interface decreases the 
interfacial tension and consequently increases the rigidity of the interface. Therefore, the dilational 
viscosity at the interface is increased. The higher the interfacial packing density, the more rigid the 
interface, and the higher the dilational viscosity (Maestro et al., 2015).  
A number of researchers have observed the effect of the presence of solid particles on interfacial shear 
rheology. Imperiali et al. (2012) showed that the shear rheology is related to the interfacial coverage 
of solid particles. They observed a rheological transition as the coverage of grapheme oxide particles 
at the interface increased. Before close-packing was achieved, the interfaces had a plastic-like 
behaviour; for close-packing, an elastic behaviour was found. Such a transition was justified in terms 
of the change of the free area available for the particles at the interface, and consequently their 
mobility. The dependence of the shear behaviour on the interfacial coverage by solid particles was 
further proved by Barman and Christopher (2014).   
2.4.3.2 Measurement of froth rheology 
To date, no fundamental research has been performed to study flotation froth rheology specifically, 
primarily because of the difficulty of measuring it. A flotation froth bursts and collapses if left for any 
length of time, as water and solids drain from the bubble surfaces. Hence, flotation froth rheology 
needs to be measured in situ.   
The rotational type rheometers usually employed for the measurement of foam rheology cannot be 
used in a flotation froth, as the rotation will destroy the froth structure and burst the bubbles. In 
addition, there is a concern that slip between the rotating cylinder and froth would occur and no 
torque would be detected. Due to the unstable nature of a flotation froth, capillary rheometers which 
require the froth to be sampled and removed from the cell to perform the measurement also cannot be 
used.  
As discussed in Chapter 1, a vane, which consists of a small number (usually 2-8) of thin blades 
arranged at equal angles around a small cylindrical shaft, is a more suitable rheological measurement 
device for a flotation froth. It can be used to perform in situ rheology measurement of a flotation froth. 
The vane and encompassed froth essentially rotate as a solid body (Fisher et al., 2007b). No slip will 
occur between the encompassed froth and the froth at the periphery of the rotating body. Shi and 
Zheng (2003) immersed a vane rheometer directly into the flowing flotation froth in a 3 m3 
Outokumpu flotation cell to measure the froth viscosity, as shown in Figure 2.13. Figure 2.14 shows 
the correlations that they observed between the flotation performance and the froth rheology.  
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Figure 2. 13 Outokumpu 3 m3 flotation cell and the vane rheometer being used to measure froth 
rheology (Shi and Zheng, 2003) 
 
 
Figure 2. 14 Correlations between froth rheology and flotation performance (Shi and Zheng, 2003) 
There are concerns about the accuracy of the results produced in this study, because the effect of 
horizontal froth flow on the rheology measurement was not considered in the work. This is likely to 
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mask the genuine froth rheological characteristics and have a significant effect on the results. Hence, 
more work is required to develop an appropriate method of measuring froth rheology. 
It is also unclear what flotation froth properties affect froth rheology. The studies of particle-laden 
froths outlined in the previous section involve only hydrophobic particles, but both hydrophobic and 
hydrophilic particles are present in a flotation froth. There are hydrophobic particles attached to the 
lamellae, while both hydrophilic and hydrophobic particles are present in the Plateau borders and 
vertices due to entrainment and bubble bursting. It is not clear how these particles in the froth affect 
froth rheology. Apart from the presence of solid particles, flotation froth has a similar structure to 
aqueous foam,  the rheology of which is affected by water content and bubble size.  It is not clear yet 
whether these same properties affect flotation froth rheology. Therefore, work still needs to be 
performed to determine the flotation froth properties that significantly affect flotation froth rheology.  
2.5 Conclusions 
The aims of this literature review were to investigate the importance of froth rheology in flotation and 
to identify the current gaps in knowledge which limit our ability to model or study froth rheology. 
From the above discussion, the following gaps were identified: 
 There is a need to develop new methods of measuring or estimating some of the froth 
properties likely to affect froth rheology.  
 Froth recovery and particle drainage are affected by froth transportation characteristics which 
are affected in turn by both froth stability and froth rheology (i.e. froth mobility). However, 
the current froth transportation models either ignore these effects or assume they remain 
constant as the feed or operating conditions in the flotation cell are varied.  
 The vane system is a promising device to measure froth rheology. However, the horizontal 
flow of froth may have an adverse effect on the measurement result, which needs to be 
investigated.  
 Very little work has been done to understand the fundamentals of flotation froth rheology. It 
is not clear yet what froth properties affect froth rheology.   
 Much work has been performed on the rheology of two-phase foams, and it is likely that the 
properties which affect foam rheology, namely bubble size and gas hold-up, will also affect 
froth rheology. Evidence suggests that the fraction of the bubble surface covered by particles 
may also be an important factor. 
To fill the above gaps, this project aims firstly to develop an appropriate approach to measure froth 
rheology, and secondly to use this method to measure the rheology of flotation froths in a laboratory 
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flotation cell operated under different feed and operating conditions. The data will then be used to 
fundamentally investigate what froth properties affect froth rheology.  
It is recognised that froth transportation and flotation froth performance are affected by both froth 
stability and froth rheology. An evaluation of froth stability was considered beyond the scope of this 
project; the effect of froth rheology alone on froth performance and flotation performance was 
investigated.  
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Chapter 3 Materials and Experimental Methods 
3.1 Introduction 
This thesis aims to study the relationship between froth properties and froth rheology, and the effect 
of froth rheology on froth and flotation performance under different flotation operating conditions. 
Flotation experiments were carried out in which certain operating variables were varied according to a 
central composite rotatable experimental design (CCRD) and the resulting froth properties, froth 
rheology and flotation performance were measured. An additional set of factorially designed 
experiments was also conducted to validate the findings from the CCRD program.  
This chapter presents details of materials, reagents and equipment used in the test programs, as well as 
an outline of the procedures and the techniques used to perform the flotation tests and measure the 
froth rheology and other froth parameters. The preliminary experimental work performed to evaluate 
the stability and repeatability of the test procedure is also presented. The development and testing of 
the procedure used for froth rheology measurement are presented in Chapter 4.  
3.2 Materials  
3.2.1 Synthetic ore 
After considerable thought, it was decided to use a synthetically created ore in the experimental 
program, by mixing pure chalcopyrite with pure silica. There were two advantages of using a 
synthetic ore. Firstly, the feed grade could be easily changed, by modifying the amount of 
chalcopyrite mixed with the silica. This allowed an investigation into whether the amount of 
hydrophobic particles in the froth significantly affects the froth rheology, as a change in feed grade 
will change the amount of hydrophobic chalcopyrite particles in the froth. Secondly, this type of 
synthetic ore is relatively simple compared to a real ore, which usually contains a range of complex 
gangue minerals, some of which will be composited with chalcopyrite after grinding. As will be 
demonstrated later, this simplifies the composition of the flotation froth, and enables calculation of 
froth parameters such as froth bubble loading that can be correlated with froth rheology to develop a 
better understanding of the underpinning mechanisms.  
Silica and chalcopyrite were used to create the synthetic ore. High purity silica (99.6%) was sourced 
from SIBELCO Australia Limited. The received silica sample was composed of fine particles with a 
P80 of 73μm. The measured particle size distribution is shown in Figure 3.1. The chalcopyrite ore was 
received as rock from Geodiscoveries Minerals. The rocks were crushed down to less than 2.2 mm 
and then split into 600 g subsamples using a rotary splitter.  These subsamples were placed in air-tight 
bags and stored in a fridge to minimize particle oxidation. A subsample sent to the Australian 
Laboratory Services (ALS) for assay showed that the elemental composition of the chalcopyrite 
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sample was 27.8% Cu, 25.8% Fe, >10.0% S, 1.6% Zn, 1.3% Ca, 0.3% Pb and 0.2% Al. The assay 
result indicates that the chalcopyrite ore was composed of 80.02% chalcopyrite, 3.26% calcite, 3.10% 
pyrite, 2.43% sphalerite, 0.39% galena, 10% silica and other trace minerals. 
 
Figure 3. 1 Particle size distribution of silica 
3.2.2 Reagents 
Xanthate type collectors are commonly used in sulphide ore flotation. There are different types of 
xanthate collectors, such as potassium amyl xanthate (PAX), sodium isobutyl xanthate (SIBX), 
sodium isopropyl xanthate (SIPX) and sodium ethyl xanthate (SEX), listed in order of decreasing 
strength (Sutherland and Wark, 1955). In the preliminary flotation experiments, a range of different 
collectors (i.e. PAX, SIBX and SEX) was tested to determine the most appropriate to use in the 
experimental program. These collectors were supplied by the Tall Bennett Group. Given that 
chalcopyrite is naturally hydrophobic, PAX and SIBX were found to be too strong even at low 
dosages, and generated unstable froths which made it impossible to create a deep froth depth. On the 
other hand, it was found that SEX, the weakest collector, was able to generate stable deep froths.  By 
evaluating the froth flow behaviour at different dosages of SEX, 2 g/t was chosen as the collector 
dosage for all the flotation tests in this study. The collector solution was prepared daily using 
deionized water.  
DowFroth 250 (supplied by NASACO), a polypropylene glycol methyl ether, was used as the frother. 
This reagent is supplied in liquid form, and is fully soluble in water. The frother dosage used in the 
CCRD program was 14.7 ppm; in the subsequent factorial experiments, it was varied between 10 and 
15 ppm.  
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3.3 Equipment  
A schematic of the experimental set-up is shown in Figure 3.2. Experiments involved grinding a 
chalcopyrite subsample in a rod mill, mixing with silica in a conditioning tank, and flotation in a 
continuously operated 20 L flotation cell with recycling of concentrate and tailings to the conditioning 
tank. Details of the equipment shown on this figure are presented in the following sections.  
 
Figure 3. 2 Schematic of the experimental set-up 
3.3.1 Grinding mill 
A stainless steel batch rod mill (Figure 3.3), 20.5 cm in diameter and 26.0 cm in length, was used to 
grind the crushed chalcopyrite subsamples before flotation. The stainless steel rods were 25.5 cm long 
with diameters varying between 1.2 and 3.0 cm. In each batch grind, 600 g of material was ground at 
a solids concentration of 70 wt%, using a rod charge of 11.02 kg (15 rods). The mill speed was set at 
76 rpm. Brisbane tap water was used in the grind and for washing out the contents afterwards.  
Conditioning 
tank/feed sump 
Peristaltic pump 
Flotation cell 
Conc. 
Tailings 
Camera Light 
Rheometer 
Computer 
Rod mill 
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Figure 3. 3 Stainless steel batch rod mill 
A grinding calibration curve was established by grinding four subsamples for 4, 7, 11 and 15 minutes, 
under the conditions outlined above. After each grind, the ground slurry was filtered and dried in an 
oven. Three subsamples were split from each dried sample and the size distributions were measured 
by a Malvern Laser Sizer (shown in Figure 3.4). A mean P80 was determined for each grinding time. 
The resulting grinding calibration curve with error bar is shown in Figure 3.5.  
 
Figure 3. 4 Photograph of the Malvern sizer 
41 
 
 
Figure 3. 5 Grinding calibration curve  
This grinding curve was used to determine the grinding times for the required chalcopyrite sizes for 
the flotation tests in this thesis.  
3.3.2 Flotation rig and circuit 
At the start of the project, a decision had to be made concerning the best type of flotation equipment 
to use and the scale at which to undertake the flotation tests. Firstly, a flotation froth is naturally 
unstable and the bubbles always collapse after they are removed from the flotation cell. Therefore, 
froth rheology needs to be measured in situ. Secondly, froth rheology measurement takes a certain 
amount of time. In a batch flotation experiment the froth texture and the froth composition do not 
remain constant over time.  In order to study the effect of the froth properties on froth rheology, and 
the influence of froth rheology on froth and flotation performance under a stable set of conditions, it 
was decided to carry out continuous flotation tests. Ideally these flotation tests needed to be 
performed in as large a scale of flotation cell as possible, to minimize wall affects and to produce a 
froth as similar as possible to those observed at industrial scale.  If too large a cell was used, however, 
it would be logistically impossible to produce sufficient ore to perform the experiments in the 
laboratory environment. 
Based on these considerations, a 20 L stainless steel flotation cell (30 x 30 cm cross section with 22.2 
cm depth), originally built and used by Vera et al. (1999a), was chosen for the test work. The cell 
components are shown in Figure 3.6. In this bottom-driven cell, the pulp level is controlled by an 
overflow weir inside the tailings box. A movable concentrate launder is located on one side of the cell 
which allows adjustment of the froth height from 0 to 10 cm without changing the pulp volume.  The 
concentrate overflows the lip into this launder where it can be sampled by diverting the soft hose 
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connected to the outlet of this launder to a measuring cylinder. The feed port is located on the side 
wall, close to the base of the cell, and the tailings box is located at the back of the cell. A T-valve in 
the pipe feeding the flotation cell allows feed samples to be collected.  
The tailings flows into the tailings box through an opening located along the entire bottom edge of the 
flotation cell. This opening has an angled baffle jutting down towards the bottom of the cell which 
prevents mineralized air bubbles from short circuiting to the tailings stream. The level of the overflow 
weir inside the tailings box defines the pulp level in the cell. Pulp that flows into the tailing box can 
either rise to the top, overflow the weir and be collected by gravity in an angled, centrally located 
tailings port, or drop down an angled base and flow out of a tailings port (controlled by a valve) 
located on the left side of the cell (when viewed from the concentrate launder). A stirrer is positioned 
at the bottom of the tailings box between the cell wall and the overflow weir, in order to minimize 
particle settling and prevent blocking of the tailing ports. The total tailings is made up of the material 
that overflows the weir into the first tailings port as well as that which drops due to gravity through 
the second tailings port. The total tailings stream was sampled by diverting the soft hoses connected to 
the two tailing ports to a measuring cylinder.  
 
Figure 3. 6 Internal view of 20 L continuous flotation cell 
The bottom-driven Agitair impeller is connected by a coupling to an electrical motor with a variable 
speed drive, allowing manual control of the rotational speed. Impeller speed is measured by a 
tachometer. Compressed air is injected into the cell below the impeller. A pressure regulator and a 
pressure gauge are installed in the air inlet pipe, and air rate was measured and controlled by a tube-
style ABB air flowmeter (Tube model: FP-1/2-27-G-10/55; Float model: FP-1/2-GNSVT-45). The 
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impeller rotation breaks up the air stream into small bubbles and distributes them throughout the cell. 
A cone is mounted above the stator to prevent particles settling on top of the stator.  
A 60 L stainless steel baffled tank sump fitted with an electric mixer (Model EV5P37) was used as the 
conditioning tank/feed. Discharge was via the coned bottom of the sump. The feed flow rate was 
controlled by a SEW-EURODRIVE peristaltic pump. Soft hoses were used to connect the feed sump 
to the flotation cell via the peristaltic pump. 
Because the flotation cell was relatively large (20 L), a large amount of feed material was required to 
run continuous tests. To minimise the amount of ore required, the flotation concentrate and tailings 
were recycled back to the conditioning tank and mixed again as feed.  
3.3.3 Rheometer 
Froth rheology measurements were conducted using an air-bearing rheometer (Anton Paar DSR301). 
It is expected that the torque measured in a flotation froth will be significantly lower than in, for 
example, a solid-liquid suspension. The air-bearing mechanism with a high resolution of 0.001 µNm 
is capable of accurately measuring the torque reading and detecting small changes in froth rheology. 
This rheometer consists of a measuring head and electronics. The measuring head was mounted on a 
stable bracket which was not connected to the flotation rig and was therefore isolated from it, so as 
not to be affected by vibration which might have compromised measurement accuracy. The bracket 
holding the measuring head could be moved in three dimensions, which enabled measurement of froth 
rheology at different froth depths. It also allowed the rheometer to be removed after taking 
measurements, to allow froth video recording (see next section) without disrupting the froth 
movement.  
To carry out the froth rheology measurement, a vane was coupled with the measuring head (Figure 
3.7). The vane was comprised of 6-blades, and was 22 mm in diameter and 16 mm high (model: 
ST22-6V-16-SN12257). As the vane was driven by compressed air, a filter was installed in the air 
inlet pipe to prevent dirt and oil from entering the measuring head. The air pressure was controlled by 
a pressure regulator at the recommended 5 bar. The rheometer was connected to a computer installed 
with the measurement software which controlled the vane rotational speed. The rheometer was 
initialized before each measurement. Details of the froth rheology measurement procedure are 
presented in Chapter 4. 
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Figure 3. 7 Photograph of the vane and the measuring head 
3.3.4 Video camera for recording froth transportation 
A digital video camera (Sony ACC-FV50B) was mounted above the flotation cell to record the 
movement of the froth. The video recordings were analysed using contracted software (Morar, 2010) 
to determine the froth velocity profile towards the cell launder lip and the bubble size on the top of the 
froth. A magnesium light was also mounted above the froth surface. Before video recording, all other 
light sources were turned off, leaving only the magnesium light on. This resulted in a single bright 
light on each bubble – a requirement of the froth analysis algorithm used in the analysis software.  
3.3.5 Bubble sizer  
The Anglo Platinum Bubble Sizer was used to measure the bubble size in the pulp phase; these 
measurements were used to estimate the bubble loading in the pulp phase (as will be discussed in 
Chapter 6). The measurement of bubble size was performed at the end of each flotation test.  
The Anglo Platinum Bubble Sizer (Figure 3.8) is a portable device used to measure the bubble size 
distributions produced within a flotation cell. It consists of a sampling tube attached to the bottom of a 
sealed viewing chamber made of plastic PVC with a single reinforced glass window. Bubbles from 
the pulp phase within the flotation cell travel up through the sampling tube into the viewing chamber 
under non-iso-kinetic conditions. The chamber is sloped (angle 15°) to spread the bubbles into a 
single layer to limit overlap and provide an unambiguous plane of focus. The sample of bubbles is 
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photographed with a digital still camera. A lighting array (LED lights within the viewing chamber) is 
used to ensure image contrast. Image analysis software called Stone Three was used to process the 
images to derive the bubble size distribution.  
 
Figure 3. 8 Photograph of the Anglo Platinum Bubble Sizer  
3.4 Experimental procedures 
3.4.1 Feed preparation 
A 600 g subsample was firstly ground in the rod mill as previously described. The ground slurry was 
washed into a bucket with a known amount of water, after which it was quickly transported to the 
conditioning tank and agitated, to avoid particle settling. Water and silica were then added to achieve 
a particular flotation feed grade and a feed solids percent of 40 wt %. The feed was allowed to mix for 
five minutes to ensure that it was sufficiently blended. 
The required amount of collector solution was then added to the conditioning tank using a syringe.  
The slurry was conditioned for two minutes to allow the collector to adsorb on the chalcopyrite 
surfaces. The required amount of frother was then added to the sump using a syringe. The slurry was 
allowed to condition for another two minutes to ensure the frother was sufficiently dispersed. 
3.4.2 Flotation  
Before adding the feed to the flotation cell, the cell impeller was switched on and set to a speed 
sufficient to avoid solids settling. The air flow rate was adjusted to a level low enough to prevent 
concentrate overflowing the cell launder but sufficient to avoid slurry blocking the air line. In addition, 
the valve controlling the tailings flow rate between the overflow weir and the cell wall was opened a 
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quarter turn and the stirrer was switched on to avoid solids settling. Then the valve at the bottom of 
the sump was opened and the feed pump was switched on.  
Residence time in the flotation cell is a parameter which will affect flotation efficiency and therefore 
needed to be kept relatively constant in the different experiments. This parameter is a measure of the 
average time particles stay in the flotation cell, excluding the froth zone. The residence time can be 
calculated from Equation 3.1: 
              Residence time =  
Cell volume
Feed volumetric flow rate
                       (3.1) 
In this study the cell volume is known (i.e. 20 L). The feed volumetric flow rate was determined by 
diverting the feed slurry via the T-valve placed prior to the flotation cell into a measuring cylinder 
over a certain time period. The feed volumetric flow rate was controlled using the peristaltic pulp to 
achieve the desired residence time. Given that chalcopyrite is a fast floating mineral, the residence 
time was set at three minutes for all flotation tests.    
After the cell was filled, the air flow rate was adjusted to the required level. The system was then 
operated for three residence times to ensure that it had reached steady state. After this time, samples 
of feed, tailings and concentrate were collected. All samples were taken over a period of 5 seconds to 
ensure adequate material for assay and sizing. The collected samples were weighed wet and then 
weighed again after drying in an oven. Volumetric and mass flow rates of the feed, tailings and 
concentrate were also measured in each test, by collecting samples in a measuring cylinder over a 
period of 15 seconds and weighing them. For the samples requiring sizing, a subsample was split from 
the targeted sample and sized using the Malvern Laser Sizer. The samples requiring assay were sent to 
ALS for copper assay.  
After all the flotation samples had been taken, froth rheology measurement, froth imaging and bubble 
size in the pulp were carried out as described in the sections below. Once this was completed, the 
concentrate and tailings hoses were directed to a tailings tank located next to the rig. The sump was 
then drained and washed out. The pump and feed hose were cleaned by adding water into the 
conditioning sump, after which the flotation cell was washed out thoroughly to remove any remaining 
solids or reagents. The impeller and aeration were stopped after everything had been washed out.  
3.4.3 Froth rheology measurement 
The measurement of froth rheology was performed after sample collection had been completed. A 
tube (74 mm diameter and 150 mm height) was used to encircle the vane to eliminate the effect of the 
horizontal froth flow on the rheology measurement, as will be discussed in Chapter 4. The upper edge 
of the vane was immersed 2 cm into the froth. During the froth rheology measurement, the torque 
values were measured by evenly increasing the vane speed from 1 rpm to 15 rpm, with 5 s intervals 
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between measurements. A total of five torque values were measured in each test. Each set of torque 
measurements was replicated five times to get average values. The standard deviation for the torque at 
each vane speed was also determined. The vane was then removed from the flotation cell so as not to 
impede froth transportation. Froth temperature was measured using a thermometer.  
3.4.4 Froth imaging 
After measuring froth rheology, images of the froth movement were recorded using a Sony video 
camera. The same camera settings were used for all the tests. Five minutes of video was recorded for 
each test. A ruler was then placed at the middle of the cell lip to measure the froth height above the lip 
as it discharged into the launder.  
3.4.5 Measurement of bubble size in pulp 
The last step was to measure the bubble size in the pulp using the Anglo Platinum Bubble Sizer. The 
bubble sizer was mounted above the flotation cell as described in section 3.3.5. The lower edge of the 
sampling tube attached to the bottom of the sealed viewing chamber was immersed into the middle of 
the pulp in each test. In each test, twenty five images were taken for offline analysis of bubble size 
distribution. The bubble sizer was removed after each test. 
3.5 Preliminary tests 
In the continuous recycling circuit employed in this project, the concentrate and tailings were 
combined and recycled to the feed sump. Measurements need to be performed during a period of 
stable operation and there was a concern that the system would not remain stable with time. 
Chalcopyrite as a sulphide mineral could oxidize in the air-saturated aqueous pulp during flotation, 
which would change its hydrophobicity, and consequently, its floatability (Owusu et al., 2014), 
causing the flotation recovery to deteriorate with flotation time. It was therefore necessary to 
investigate whether the recycling circuit remained stable over time and, if so, for how long.       
Hence, preliminary tests were performed with the aim of evaluating the stability of the flotation 
system over time. This involved monitoring the mass and volumetric flow rates of concentrate over 
the period of the test: at constant flotation operating conditions, these flows should remain constant if 
the flotation system is stable in terms of both pulp and froth phase performance. Gas hold-up and 
water hold-up in the froth phase (estimated using techniques outlined below) were also monitored.  
The flotation feed characteristics, reagent dosages and operating conditions used in the preliminary 
flotation tests are shown in Table 3.1 
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Table 3. 1 Details of the preliminary flotation tests 
Feed 
Silica P80 (µm) 73 
Chalcopyrite P80 (µm) 80 
Copper grade (%) 0.8 
Solids percent (%) 40.0 
Reagents 
Collector (g/t) 2.0 
Frother (ppm) 12.62 
Operating  
conditions 
Froth height below lip (cm) 8.0 
Superficial gas velocity (cm/s) 1.25 
Impeller speed (rpm) 800 
Four preliminary tests were performed to assess both system stability and the repeatability of the 
testing procedure. In these preliminary tests, the system was controlled to achieve a residence time in 
the pulp of 3 minutes. The system was operated for 10 minutes (i.e. three residence times) before 
monitoring of the system stability commenced. The mass and volumetric flow rates of concentrate 
were measured after 10, 20, 30 and 40 minutes of operation. It was estimated that 30 minutes would 
be sufficient to collect all the flotation samples, measure the flow rates of tailings, feed and 
concentrate, measure froth rheology, collect video footage and perform all the other required 
measurements. No further monitoring was therefore performed after 40 minutes of flotation time. It 
should be noted that determining the total time that recycling can continue to produce stable operating 
conditions is beyond the scope of this thesis.  
The estimation of gas hold-up in the froth is based on the assumption that the mean gas hold-up in the 
froth remains relatively constant from just above the lip level. Zheng et al. (2004b) and Contreras et al. 
(2013) have shown that water and particles drop back into the pulp phase mainly from just above the 
froth-pulp interface, above which the froth phase is relatively constant in terms of its properties. 
Hence, in a continuous and stable flotation process, the froth phase is in a dynamic equilibrium. Air 
bubbles, particles and water continuously enter the froth phase from the pulp-froth interface, and flow 
over the launder lip. Some air is lost from the froth surface during froth transportation to the launder 
lip (Figure 3.9). By assuming that the drainage in the upper froth phase is negligible, the gas hold-up 
in this zone can be regarded as the ratio of the volumetric air flow rate to the total volumetric froth 
flow rate (including air, water and solids). The froth flow rate consists of the air flow rate (VA) and the 
concentrate slurry flow rate (Vcs). As the gas entrained into the tailings is negligible (Yianatos et al., 
2010), the air flow rate is equal to the air aerated into the flotation cell. By measuring both the air 
flow rate and the concentrate slurry flow rate, the mean gas holdup (𝜀𝑓) in the upper froth zone was 
calculated by Equation 3.2.  
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Figure 3. 9 Schematic of froth flow 
 
              𝜀𝑓 = 100 ∗
𝑉𝐴
𝑉𝐴+𝑉𝑐𝑠
                        (3.2) 
The volume fraction (𝑊𝑐  ) of water in the collected concentrate slurry was calculated after filtering 
and drying the concentrate in an oven. Hence the water hold-up (𝜀𝑓𝑤 ) in the froth phase was 
determined by Equation 3.3. 
                 𝜀𝑓𝑤 = 𝑊𝑐 ∙ (100 − 𝜀𝑓)                    (3.3) 
The results of monitored concentrate flow rate and froth composition for each test are shown in 
Tables 3.2 -3.6.  
Table 3. 2 Mass flow rate of concentrate over time in the four preliminary tests 
Time Concentrate flow rate by mass (kg/min) 
min 1 2 3 4 Mean STDEV CoV (%) 
10 2.48 2.98 2.72 2.71 2.72 0.21 7.57 
20 2.55 2.90 2.47 2.69 2.65 0.19 7.08 
30 2.46 2.96 2.39 2.67 2.62 0.25 9.72 
40 2.39 2.81 2.41 2.54 2.54 0.19 7.64 
Mean 2.47 2.91 2.50 2.65 
\ STDEV 0.07 0.08 0.15 0.07 
CoV (%) 2.70 2.62 5.97 2.82 
 
 
 
 
 
50 
 
Table 3. 3 Volumetric flow rate of concentrate over time in the four preliminary tests 
Time Concentrate flow rate (l/min) 
min 1 2 3 4 Mean STDEV CoV (%) 
10 2.18 2.63 2.38 2.40 2.40 0.18 7.60 
20 2.24 2.55 2.18 2.40 2.34 0.17 7.11 
30 2.18 2.67 2.10 2.36 2.33 0.25 10.87 
40 2.10 2.54 2.10 2.24 2.24 0.21 9.14 
Mean 2.18 2.60 2.19 2.35 
\ STDEV 0.06 0.06 0.13 0.08 
CoV (%) 2.64 2.45 6.03 3.22 
 
Table 3. 4 Solids content in the concentrate over time in the four preliminary tests 
Time Concentrate percent solids (%) 
min 1 2 3 4 Mean STDEV CoV (%) 
10 20.40 22.49 21.34 21.95 21.55 0.89 4.15 
20 20.24 21.47 20.80 21.12 20.91 0.52 2.49 
30 21.74 21.13 20.85 20.43 21.04 0.55 2.62 
40 19.89 20.97 20.97 20.55 20.59 0.51 2.47 
Mean 20.57 21.51 20.99 21.01 
\ STDEV 0.81 0.68 0.25 0.69 
CoV (%) 3.95 3.17 1.17 3.30 
 
Table 3. 5 Gas hold-up in the froth over time in the four preliminary tests 
Time Gas hold-up (%) 
min 1 2 3 4 Mean STDEV CoV (%) 
10 96.88 96.27 96.60 96.58 96.58 0.25 0.26 
20 96.80 96.37 96.88 96.58 96.66 0.23 0.24 
30 96.88 96.20 96.99 96.63 96.68 0.35 0.36 
40 96.99 96.39 96.99 96.80 96.79 0.28 0.29 
Mean 96.89 96.31 96.87 96.64 
\ STDEV 0.08 0.09 0.18 0.10 
CoV (%) 0.08 0.09 0.19 0.11 
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Table 3. 6 Water hold-up in the froth over time in the four preliminary tests 
Time Water hold-up (%) 
min 1 2 3 4 Mean STDEV CoV (%) 
10 2.48 2.89 2.67 2.67 2.68 0.17 6.26 
20 2.56 2.85 2.47 2.70 2.64 0.17 6.33 
30 2.44 2.99 2.38 2.68 2.62 0.28 10.58 
40 2.41 2.85 2.38 2.55 2.55 0.22 8.50 
Mean 2.47 2.90 2.48 2.65 
\ STDEV 0.06 0.07 0.14 0.07 
CoV (%) 2.52 2.29 5.56 2.68 
The results in Tables 3.2 and 3.3 show that the mass and volumetric flow rates of the concentrate were 
stable during the duration of the tests. No significant decrease in the flow rates was observed over the 
recycling time. The coefficients of variance (CoV, the ratio of the standard deviation to the mean 
value) of the flow rates measured within the same test were relatively low, in the order of 3 to 5%.  
The coefficients of variance of the flow rates measured between the different tests were higher, in the 
order of 7 to 10%, but the higher values are still considered acceptable. Tables 3.4 to 3.6 show the 
stability and repeatability of the measured froth characteristics over the period of the tests. These 
values were very stable and quite unchanging with flotation time during a particular flotation test, and 
also very similar between the repeat tests ( CoV values mostly less than 5%).  
It was concluded that the continuous recycling mode of operation provided stable repeatable flotation 
results over the 30 minute period required to perform the flotation measurements. Experimental 
repeatability was also examined within each of the flotation test programs performed for this thesis.  
These results will be discussed together with the individual test program results in Chapters 5 and 6.   
3.6 Summary 
A 20 L flotation cell was chosen for the project test work. It was decided to run the flotation test in a 
continuous recycling mode, in which the concentrate and tailings are continually recombined and 
recycled back to the feed, in order to minimise the amount of feed material required for each test.   
A synthetic ore mixture of chalcopyrite and silica was chosen as the flotation feed. Sodium ethyl 
xanthate and Dowfroth 250 were selected as the collector and frother, respectively. 
An air-bearing rheometer, using a vane system, was chosen to perform the rheology measurements.  
Preliminary flotation tests showed that the continuous recycling mode could provide at least 30 
minutes of stable flotation performance, which was enough time to perform all the necessary 
measurements described in this chapter.  The repeatability of the flotation testing procedures was 
considered acceptable.  
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Chapter 4 Development of a Novel Approach to Measure Froth Rheology in Flotation 
4.1 Introduction 
The literature review (Chapter 2) indicates that an appropriate method of measuring froth rheology 
still needs to be developed, as the traditional rheometer for two phase suspensions is not suitable for 
three phase flotation froth. The vane was identified as a promising device to measure froth rheology, 
but there is a concern that the horizontal flow in a froth can have an impact on the measurement result. 
This chapter begins by investigating the validity of this concern, using a bentonite slurry in place of a 
flotation froth. As a consequence of the results of this testwork, a new method is proposed for 
reducing the impact of horizontal flow, by surrounding the vane with a tube. The chapter describes the 
tests which were performed to compare the results obtained with and without the tube, in bentonite 
slurry and flotation froth. 
The vane is not a standard measurement device for rheology: the raw data acquired from the vane 
system is vane speed and torque. The chapter introduces a method to convert the vane speed and 
torque to the standard rheological parameters (i.e. shear rate and shear stress) based on whether the 
froth in the tube surrounding the rotating vane is partially or fully sheared.  
This chapter will also present the results obtained from performing preliminary rheology 
measurements in a flotation froth.  
4.2 Effect of horizontal flow on the rheology measurement 
In order to investigate whether flow has an impact on the rheology measurement when using a vane, it 
was necessary to perform measurements in both flowing and non-flowing environments and compare 
the results. However, it was found impossible to perform rheology measurements in a non-flowing 
froth: the bubbles burst over time, causing the froth properties and the froth rheology to be unstable. 
Therefore, it was decided to conduct the comparison using a bentonite slurry in the experimental set-
up introduced in Chapter 3, at different flow rates of pulp over the cell lip. It is expected that any flow 
effect on the rheology measurement that occurs in a bentonite slurry will also occur in a froth system 
because the method to measure the rheology in the two different regimes is the same.  
The tests were performed using a 5 wt% bentonite slurry at 26.5 ℃. The bentonite used in this work 
was composed of ultrafine particles with a P80 of 11 µm. Cruz et al. (2013) have reported no 
sedimentation in a 5 wt% bentonite slurry (P80 of 17 µm) even after 48 hrs. Therefore, it was 
expected that the torque readings at zero flow rate would reflect the genuine rheological properties of 
the suspension. During the tests the tailings valve was closed, the cell impeller was switched off and 
no air was added. The slurry flow rate over the cell launder was controlled by changing the speed of 
the feed pump. All the torque measurements were performed at a fixed horizontal and vertical 
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position in the cell (Figure 4.1). The vane was immersed so that the top of the vane was 2 cm below 
the slurry surface. The vane rotation speed was kept constant at 30 rpm.  
 
Figure 4. 1 Configuration of the flotation cell and vane system, side view (left) and top view (right) 
Four different horizontal flow rates were generated to study the effect of flow on the rheology 
measurement: 0, 5.33, 10.74 and 19.20 L/min. At each flow rate, one hundred torque measurements 
were conducted over 200 s (with 2 s interval). Figure 4.2 shows the torque measurements at the 
different flow rates. The mean torque values and their confidence limits are summarized in Table 4.1.  
 
Figure 4. 2 Torque readings at different feed flow rates  
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Table 4. 1 Comparison of the mean and variation in torque readings at different feed flow rates 
Overflow rate (L/min) Torque (µNm) Coefficient of Variation (CoV) 
0 2.084 0.007 
5.33 2.206 0.080 
10.74 1.728 0.192 
19.20 1.767 0.255 
The mean torque value at zero flow rate is 2.084 µNm, with good repeatability (CoV=0.007: CoV is 
the coefficient of variation, defined as the ratio of standard deviation to the mean). Table 4.1 shows 
that there is no consistent trend in the mean torque readings upon increasing the horizontal flow rate, 
but the variation associated with the readings increases significantly, with the CoV going from 0.007 
to 0.255 as the flow rate increases from 0 to 19.20 L/min. This increase in the variation with the flow 
is clearly evident in Figure 4.2. These results illustrate that the horizontal flow has a significant (but 
unpredictable) effect on the value of the torque reading, and increases the experimental variation 
associated with the measurement. 
The above observed phenomenon can be explained schematically by Figure 4.3. During a 
measurement, the vane blades shear the surrounding material to determine the torque value. The flow 
in the lower section of the flow diagram in Figure 4.3 is moving against the direction of the rotating 
vane, while the flow in the upper section is co-current with the direction of the rotating vane. These 
two external forces offset each other if the fluid is flowing homogeneously (i.e. laminar flow, Figure 
4.3a). However, in reality, the flow is not uniform and turbulence (i.e. non-random motion) may exist 
in the system as shown in Figure 4.3b. The turbulence intensity is proportional to the horizontal flow 
rate, which explains why the relative error increases with increasing feed rate. Therefore, the external 
forces from the flow are not balanced, which consequently disturbs the torque measurement.  
 
Figure 4. 3 Types of flow in the suspension: (a) laminar and (b) turbulent 
4.3 Minimizing the influence of horizontal flow on the rheology measurement 
In order to minimize the effect of horizontal flow, a tube with a diameter of 76 mm and a height of 
150 mm was used to encircle the vane during the rheology measurements. The tube dimensions meet 
the requirement that the height and diameter of a container should be at least twice as large as the 
height and diameter of the vane to minimize any effect caused by rigid boundaries (Nguyen and 
Boger, 1983). The tube encircled the vane shaft with its top edge being 19.0 mm above the top of the 
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vane (Figure 4.4). The tube was fully immersed in the fluid to avoid possible horizontal flow inside 
the tube. Torque measurements were performed at different horizontal flow rates (using the same 
experimental conditions as described in Section 4.2). The results are presented in Figure 4.5 and 
summarized in Table 4.2.  
 
 
Figure 4. 4 Photograph of the vane with the surrounding tube 
 
Figure 4. 5 Torque readings at different feed flow rates using the vane head encircled by a tube  
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Table 4. 2 Comparison of the mean and variation in the torque readings at different feed flow rates 
using the vane with and without the surrounding tube 
Overflow rate (L/min) Torque (µNm) Coefficient of Variation (CoV) 
Without tube 0 2.084 0.007 
With tube 
0 2.113 0.007 
5.33 2.187 0.006 
10.74 2.075 0.037 
19.20 2.024 0.047 
Table 4.2 shows that the two mean torque values at zero flow rate measured with and without the tube 
are very close in magnitude. In addition, the mean torque values at all the flow rates are very similar 
in magnitude, showing that the influence of the horizontal flow on the rheology measurement has 
been minimized by using the tube. It also indicates that the tube is big enough to avoid any wall 
effects on the measurement. 
It can be also concluded that the turbulence caused by the flow, which led to large variations in the 
torque readings in the absence of the tube, has been minimized. When using the tube, the measured 
torque readings at the different horizontal flow rates follow a similar linear trend (except for a few 
scattered points at the highest flow rate, as seen in Figure 4.5). In addition, the CoV values have 
decreased, indicating a considerable improvement in the repeatability of the measurement. The 
maximum CoV when the tube was used is 0.047, at the highest flow rate (19.20 L/min). This value is 
much lower than the CoV value of 0.255 obtained at the same flow rate without a tube (Table 4.1). It 
can be concluded that the presence of the tube not only stabilised the rheology measurement at the 
various flow rates, but also minimized the turbulence around the vane.  
Following the application of the tube to minimize the influence of the horizontal flow on the rheology 
measurement in the bentonite slurry, the method was tested in a flotation froth using the same 
experimental set-up as described in section 4.2. Four tests were performed using a synthetic mixture 
of silica and chalcopyrite with a 0.8% copper grade, at 26.8℃. The cell was operated in the recycle 
mode as described in Chapter 3. SEX (2.0 g/t) and Dowfroth 250 (14.7 ppm) were used as the 
collector and the frother, respectively. The superficial gas velocity during the flotation tests was 0.68 
cm/s and the cell impeller speed was set at 800 rpm. Froth rheology was measured using the same 
vane head with and without a surrounding tube (76 mm in diameter and 70 mm in height). The froth 
depth was 40 mm and the top of the vane was immersed 10 mm beneath the froth surface. The vane 
was set to rotate at a constant speed of 50 rpm and one hundred measurements were performed over 
200 s in each case as before. Two repeat tests were performed for each case. Table 4.3 shows that the 
torque readings are much higher when the tube was not used. This confirms that the flow of froth does 
affect the torque reading and therefore can potentially mask the determination of the genuine froth 
rheological properties. The repeat results were close in value when obtained with the tube, while they 
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were not without the tube; in addition, the CoV values decreased when the tube was used. Both results 
suggest that the turbulence around the vane was minimized when the tube was used.  
Table 4. 3 Comparison of the mean and variation in torque readings in froth using the vane with and 
without a tube at 50 rpm rotation speed 
Vane  
Torque 
(µNm) 
Coefficient of Variation (CoV) 
Without tube 
Test 1 72.58 0.142 
Test 2 80.77 0.106 
With tube 
Test 1 44.81 0.085 
Test 2 43.17 0.057 
 
4.4 Froth rheograms  
As discussed in Chapter 2, rheology is best represented by a rheogram, which is the plot of the shear 
stress versus the shear rate. Two key rheological parameters that can be determined from this curve 
are yield stress and apparent viscosity.  
A vane rheometer measures torque at a series of vane rotating speeds. These values need to be 
converted to shear stress and shear rate data. There is a concern that the use of the tube around the 
vane may impose extra resistance to the rotating vane. The magnitude of this resistance and how it 
contributes to the measured torque during tests needs to be taken into account when performing this 
conversion. 
A key assumption in the standard method to calculate shear stress for a vane rheometer is that the 
material yields along a cylindrical boundary defined by the vane geometry. This vane geometry is 
representative of the bob in the bob and cup system. The advantage of the vane system is that the wall 
slip problem experienced with other geometries can be avoided (Pernell et al., 2000, Fisher et al., 
2007a). For the shear stress calculation, Nguyen and Boger (1983) developed a method to convert 
torque to shear stress based on the assumption that a uniform stress distributes over a cylindrical yield 
surface. This assumption has been validated by both experimental work (Keentok et al., 1985) and 
model simulation (Yan and Jame, 1997). For a vane with height H and radius R rotating at constant 
angular velocity ω, the shear stress 𝜏  at the vane periphery is related to the torque T as follows:  
                          𝜏 =
𝑇
𝐾𝑣
=
𝑇
2𝜋𝑅3(
𝐻
𝑅
+
2
3
)
                                     (4.1) 
where Kv is the vane constant parameter  related to the geometries of the vane and the cup.  
The shear rate calculation depends on whether the fluid is fully or partially sheared within the 
boundary of the cup.  When the material is fully sheared in the cup, the torque applied on the vane is 
composed of the resistance to shear the material and the friction between the material and the cup. 
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Van Wazer et al. (1963) proposed an equation to calculate the shear rate for yield stress fluids, related 
to the vane and cup dimensions: 
?̇? =
𝜔
ln 𝜖
∙ (1 + 𝑚 ln 𝜖 +
(𝑚 ln 𝜖)2
3
+
(ln 𝜖)2
3
∙
𝑑𝑚
𝑑 ln(𝜏−𝜏𝑦)
)      (4.2) 
where γ̇ is the shear rate, ω is the vane angular velocity, 𝜖 is the ratio of cup to vane radius, τ is the 
shear stress, τy is the yield stress, and  𝑚 = (𝑑 ln 𝜔)/(𝑑 ln(𝜏 − 𝜏𝑦)). 
When the material is partially sheared in a cup, it becomes un-sheared at some point between the vane 
periphery and the cup wall. The torque applied on the vane in this scenario is only from the resistance 
to shear the material. The vane can be treated as rotating in an infinite medium. For an infinite 
medium geometry, a direct relationship between the angular velocity and shear rate was derived by 
Krieger and Maron (1952):  
                              ?̇? =
2𝜔
𝑛
                                                                       (4.3) 
where n is the local gradient of a log-log plot of torque versus angular velocity. The angular velocity 
can be calculated from the vane rotating speed. The shear rate is independent of the vane dimensions. 
In summary, the shear stress is correlated only with the measured torque and the vane geometry, while 
the shear rate depends on whether the fluid is fully or partially sheared. In order to develop an 
accurate rheogram for a rotating vane in a tube, it is necessary to evaluate whether the presence of the 
tube results in a finite or infinite geometry, and then calculate the shear rate from the vane speed using 
the appropriate equation. It should be noted that froth in a tube can be treated as a local column in 
which only vertical flow exists. It is assumed that the effect of vertical flow on the measurement is 
negligible, as the vane is rotated in the horizontal direction.  
Rheological measurements were performed in flotation froth under the same flotation conditions as 
described in Section 4.3 using the same vane head (with a diameter of 22 mm) with four different tube 
sizes, to assess whether the froth was completely or partially sheared (i.e. whether the vane rotated in 
a finite or infinite medium). The four tubes had heights of 150 mm and radiuses of 13.5, 21.0, 37 and 
47 mm. During the test the froth height was maintained at 100 mm and the top of the vane was 
immersed 52 mm below the froth surface for all measurements. The vane speed for each tube was 
increased from 0.1 to 100 rpm, with a total of 40 measurements being made. The measured torque 
values at the different vane speeds for the four different tube sizes are shown in Figure 4.6. 
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Figure 4. 6 Froth torque readings versus the vane rotating speed for various tube sizes 
The torque readings for the four different tube sizes fall into three trend lines. The curves for the tubes 
with radius 37 and 47 mm have the same trend, below the curves for the two smaller tubes. The 
highest torque readings are for the tube with radius of 13.5 mm, followed by the tube with radius of 
21 mm. These results indicate that the froths in the two small tubes were fully sheared (above a 
certain vane speed) while the froths in the two bigger tubes were only partially sheared. For fluids that 
exhibit a yield stress, the shear region is correlated with the shear rate and the yield stress for a 
particular vane geometry. The shear region increases as the vane rotating speed increases. The shear 
rate is a maximum at the vane periphery and declines further away from the vane. The shear stress 
also decreases, exponentially, from its highest value at the vane periphery. The shear boundary 
corresponds to the point at which the shear stress is equal to the yield stress. The fact that different 
torque readings were obtained when the tube diameter was changed (Figure 4.6) is an indication that 
the froth exhibits a yield stress.  
Froths in the two small tubes (radius of 13.5 and 21mm) were fully sheared above a certain vane 
speed, indicating that the shear stress at all points in the gap between the vane periphery and the tube 
exceeded the yield stress. The friction between the tube and the sheared froth hindered the movement 
of the material in the tube, causing extra torque on the vane, the magnitude of which was proportional 
to the froth shear rate at the tube inner wall. At the same vane speed, the froth shear rate at the wall of 
the tube of radius 13.5 mm will be higher than at the wall of the tube of radius 21 mm. Hence the 
torque reading in the smaller tube is higher. However, the froth was static at the tube wall when it was 
partially sheared. Friction did not occur between the froth and the tube and the torque detected by the 
vane was affected only by the sheared froth. The tube in this case can be considered to be an infinite 
medium geometry. This explains why the torque readings in the two wider tubes have the same trend 
(Figure 4.6): the froth in these tubes (radius of 37 and 47 mm) was partially sheared over the range of 
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the vane speeds. Quantitatively, the sheared region increased with an increase in the vane speed, but 
remained less than 37 mm for all the measurements. 
Although the torque readings follow different trends for the four different tubes (Figure 4.6), the froth 
rheograms should be the same. To calculate the froth rheogram for each tube size, the shear stress was 
calculated from the measured torque readings and the vane geometry using Equation 4.1. The shear 
rate was calculated from the rotational angular velocity and the measured torque using Equation 4.2 
for the two narrower tubes and Equation 4.3 for the two wider tubes. The four froth rheograms are 
presented in Figure 4.7 which shows that they have the same trend, validating the assumptions 
associated with the calculations (i.e. that the froth was fully sheared in the two narrower tubes but 
partially sheared in the two wider tubes). The shape of the froth rheograms indicates that the flotation 
froth that was measured has a pseudo-plastic nature with a small yield stress; therefore, the apparent 
viscosity decreased with the shear rate. This is similar to the findings of Shi and Zheng (2003), who 
observed a pseudo-plastic behaviour for froth, although the yield stress was not obvious in their 
measurements as theirs was a much more dilute froth. The results are, however, different from those 
of Calvert and Nezhati (1986), who showed that the flow of a liquid-gas foam can be fitted to a 
modified Bingham plastic model (i.e. exhibited a yield stress but shear stress was linearly correlated 
with shear rate). They concluded that the bubble size distribution plays a key role in determining the 
yield stress. 
 
Figure 4. 7 Froth rheograms calculated for the different tube sizes 
In order to better describe the flow behaviour of a fluid, it is normal to fit the rheological data to a 
rheological model. It was found that the froth rheograms depicted in Figure 4.7 could be fitted well to 
the Casson model (Equation 4.4):  
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            √𝜏 = √𝜏𝑦 + √𝜇 ∙ ?̇?                                           (4.4) 
where τy is the Casson yield stress and 𝜇 is a coefficient. As an example, the result of fitting the 
rheological data obtained for the tube of radius 37 mm to the Casson model is presented in Figure 4.8.  
 
Figure 4. 8 Application of the Casson model to the froth rheology data obtained with tube of radius 
37 mm  
According to the model, the froth exhibits a yield stress of 1.24 Pa and the froth viscosity is a function 
of the shear rate. The sheared region 𝑅𝑦 associated with the known vane radius of R used in this study 
can be also calculated, using Equation 4.5 (Fisher et al., 2007): 
               𝑅𝑦 = 𝑅 ∙ √
𝜏
𝜏𝑦
                                            (4.5) 
The results indicate that, for the two wider tubes (radius of 37 and 47 mm), the radius of the sheared 
region was less than 37 mm even at the maximum vane speed used in the study. This illustrates that 
the froth in the two wider tubes can be treated as an infinite geometry system as discussed. The radius 
of the sheared region at vane speed of 5.22 rpm is 14.20 mm, which is bigger than the radius of the 
smallest tube (13.5 mm), indicating that the froth was completely sheared at almost all shear rates 
measured in the tube. Similarly, the radius of the sheared region at the vane speed of 56.5 rpm is 
21.07 mm, which is bigger than the tube size of 21 mm. Therefore, the froth began to be fully sheared 
at vane speeds greater than 56.5 rpm during the measurements using the second smallest tube.  
It is necessary to note that the flow direction of the measured froth inside the cup is vertical whereas 
in the flotation cell the predominant froth flow direction is horizontal in the direction of the cell lip. 
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However, it is expected that this has no effect on the generated froth rheogram. Froth rheology is a 
consequence of the froth properties. As long as the froth properties of the measured froth are 
representative of the flotation froth produced under a set of operating conditions, which should be the 
case in this study, the measured froth rheogram will reflect the genuine froth rheology.  
4.5 The validation of the vane method in silicone oil 
Nguyen and Boger (1983) concluded that the vane technique is the most suitable method for a 
material having a yield stress greater than approximately 10 Pa. However, the froth in this study 
exhibits a small yield stress of 1.24 Pa. In order to verify the suitability of the vane for froth rheology 
measurement, the method developed in this study was tested using silicone oil, which is a Newtonian 
fluid of known rheological properties (Brookfield viscosity 95.9 cP at 25.0 ℃) usually used to 
calibrate a rheometer.  
A cup with a radius of 43.5 mm was filled with the oil. The same vane head as used in the 
experiments described above was immersed 20 mm under the surface of the standard fluid (with 121 
mm height). Measurements were conducted at vane speeds from 0 to 60 rpm. A partially sheared 
scenario was assumed as the ratio of the cup to vane radii was 4:1. The measured torques and vane 
speeds were converted to shear stress and shear rate using Equations 4.1 and 4.3, respectively. The 
test was performed at a temperature of 25.4 ℃. The resulting rheogram presented in Figure 4.9 shows 
a typical Newtonian behaviour for the silicone oil, with a viscosity of 102.7 cP (compared to the 
standard data of 95.9 cP at 25.0 ℃). These results confirm that the method developed in the current 
study can be reliably applied to measure the rheology of low yield stress fluid such as froth. 
 
Figure 4. 9 The silicone oil rheogram acquired from the vane system from 0 to 60 rpm 
Shi and Napier-Munn (1996) have reported turbulent flow in a bob and cup system when they used a 
wide gap doing slurry rheology measurement. In order to evaluate the effect of turbulence in the 
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current system, the rheology of the silicone oil was measured at higher vane rotation speeds of up to 
200 rpm at 25.4 ℃. The curved rheogram at the higher vane speeds (Figure 4.10) can be attributed to 
the turbulence in the system. When the vane is rotating and the cup is at rest, the fluid near the vane is 
subjected to a higher centrifugal force, which results in a tendency for the fluid to be propelled 
outwards. At a certain Reynolds number, vortices appear in the flow whose axes are located along the 
vane circumference rotating alternatively in opposite directions (Shi and Napier-Munn, 1996). 
 
Figure 4. 10 The silicone oil rheogram acquired from the vane system from 0 to 200 rpm 
The conditions under which turbulence may occur in this case can be characterised using a 
dimensionless number known as the Taylor number Ta as shown in Equation 4.6: 
                   𝑇𝑎 =
(𝑅𝑐−𝑅𝑏)𝑈𝑏𝜌
𝜇
∙ √
Rc−Rb
Rb
                                              (4.6) 
where Ub is the peripheral velocity of the vane, µ and ρ are the fluid viscosity and density, 
respectively, and Rc and Rb are the radii of the cup and vane, respectively. Three regimes of flow 
between the rotating vane and the cup may be defined using the Taylor number, as shown in Table 4.4 
(Schlichting and Gerston, 2000). Using Equation 4.6, the critical vane speeds for the laminar and 
turbulent flows for the 100 cS silicone oil were found to be 64 and 622 rpm, respectively. Therefore, it 
can be concluded that the measurement in silicone oil at low vane speed (0 to 60 rpm) for the 100 cS 
oil was indeed within the laminar flow range, while the measurement at higher vane speed 
demonstrates both laminar flow and vortices. This may explain the different results obtained over the 
low and high vane speed ranges (for the same silicone oil). While high vane rotation speed is avoided 
in the current study to maintain the froth structure, further analysis of this discrepancy could be useful 
as a guide to choose the appropriate vane rotation speed.  
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Table 4. 4 Flow regimes based on Ta number (Schlichting and Gerston, 2000) 
Ta number Ta < 41.3 41.3< Ta< 400 Ta > 400 
Flow regime Laminar Laminar and vertices Turbulent 
 
4.6 Conclusions 
This chapter has described the development of a new technique for measuring the rheology of flowing 
flotation froths. Preliminary tests confirmed that the horizontal flow had an impact on the rheology 
measurement. The use of a tube surrounding the vane improved the measurement accuracy and 
decreased the variability of the results. The information acquired from the vane-tube configuration is 
the vane speed and the torque. Methods were presented to convert these values to shear rate and shear 
stress data. The results showed that the flotation froth in this study exhibited a shear-thinning 
behaviour with a minor yield stress (by using a Casson model to fit the data).  
The suitability of the vane system to measure the rheology of fluids with low shear stress was 
examined using a Newtonian silicone oil. It was found that the vane head should not be run at speeds 
above a certain value, as the results may not be accurate due to turbulence. 
Chapter 5 will introduce a central composite rotatable design (CCRD) to study the effect of flotation 
operating conditions on froth rheology. In the CCRD program, the froth rheology was measured using 
the method developed in this chapter. It is necessary to point out that the tube with the radius of 
37mm was used to perform the froth rheology measurement in the CCRD program. It was believed 
that this size is able to provide a large enough clearance between the vane and the tube to let all sizes 
of bubble flow through. At the same time, it is not so big that it creates undesirable turbulence inside 
the tube.  
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Chapter 5 Determining the Significance of Flotation Variables on Froth Rheology Using 
a Central Composite Rotatable Design 
5.1 Introduction 
As described in Chapters 1 and 2, froth rheology affects froth transportation behaviour which 
ultimately influences flotation performance. This thesis aims to identify the characteristics of a 
flotation froth which determine the froth rheology so that models can be developed which incorporate 
these effects.   To achieve this objective, experimental test work (33 flotation tests) was performed in 
a central composite rotatable design (CCRD) in which froth rheology was varied by changing the 
flotation operating conditions and the ore properties. The details of the CCRD program will be 
introduced in this chapter. In the CCRD program, froth rheology was measured using the approach 
developed in Chapter 4. The experimental procedures and the employed measurements performed 
during these experiments to evaluate the froth properties were presented in Chapter 3. This chapter 
presents the correlations observed between froth rheology and flotation variables in the CCRD 
experimental program. These observed correlations between froth rheology and the flotation variables 
provide important clues as to the froth properties which affect froth rheology, which will be 
investigated further in Chapter 6. 
5.2 Central Composite Rotatable Design (CCRD) of the experiments 
After careful consideration of which parameters affect the characteristics of a flotation froth (as well 
as practical limitations) five parameters were chosen for investigation: froth depth, gas rate, impeller 
speed, and feed grade and particle size. Flotation reagents can also play a significant role in 
influencing flotation behaviour; these were omitted from the CCRD program for practical reasons, but 
investigated in an additional factorial program, which will be discussed in Chapter 6.  
To determine the extent to which these parameters affect froth rheology, a series of laboratory 
flotation tests were performed using a chalcopyrite/silica ore, in which the chosen parameters were 
tested at different levels.  The continuously operated flotation rig described in Chapter 3 was designed 
to enable variation of the air rate, the impeller speed and the froth depth. The chalcopyrite feed grade 
was varied by changing the amount of chalcopyrite mixed with the silica. The particle size was varied 
by grinding the chalcopyrite for different grind times. 
To reduce the number of experiments to be performed, a Central Composite Rotatable Design (CCRD) 
was employed.  CCRD is a method which allows not only the determination of the factors that have a 
significant effect on the measured result to be determined with statistical precision, but also the 
development of a second order regression model which can be used to estimate the relationship 
between the factors and the response variable, for use in process optimisation (Napier-Munn, 2014). It 
is particularly useful in laboratory or pilot plant trials in which the level of the factors can be 
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controlled, but has also occasionally been used in full scale plants where close control of factor levels 
is possible. It should be noted, however, that CCRD can be used only with quantitative, and not 
qualitative, factors (Obeng et al., 2005, Napier-Munn, 2014).  
CCRD is based on the standard two-level factorial design, with additional points added axially at a 
fixed distance from the centre to provide the quadratic terms in the response surface model.  A fixed 
number of centre point runs are also prescribed to estimate experimental error. A CCRD provides 
almost as much information as a full three-level factorial, but requires significantly fewer runs and has 
other statistical advantages.  
The number of experiments can be further reduced if a fractional composite design is employed rather 
than a full CCRD. In this study, the CCRD employed was based on a half two-level factorial design 
and included seven replicate tests at the centre point condition, to determine the repeatability of the 
experimental procedure. This involved performing 33 tests rather than the 125 required for a full 
three-level factorial design.  
The levels at which each factor was tested were chosen based on values typically observed in 
industrial applications, as well as practical limitations associated with doing test work in the 
laboratory at pilot scale. The conditions used in each of the 33 tests, and the randomised run order, 
were determined using a commercial statistics analysis software (Minitab 17), and are shown in Table 
5.1. The collector (sodium ethyl xanthate) and frother (Dowfroth 250) were kept at 2.0 g/t and 14.7 
ppm, respectively, for each test.   
The procedure used to perform each test is outlined in detail in Chapter 3.  During the course of each 
experiment, the froth rheology was measured, using the newly developed procedure described in 
Chapter 4: a vane-style froth rheometer (section 3.3.3), surrounded by a 37 mm tube, was used to 
measure torque as a function of vane speed to characterise the froth rheology in each test.   
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Table 5. 1 The CCRD test program 
Standard 
Order 
Test 
Froth 
depth 
(cm) 
Superficial 
gas rate 
(cm/s) 
Impeller 
speed 
(rpm) 
Chalcopyrite 
particle size 
P80 (µm) 
Copper 
grade 
(%) 
18 1 7 1.4 900 80 1.0 
1 2 6 1.0 750 50 1.4 
7 3 6 1.8 1050 50 1.4 
4 4 8 1.8 750 50 1.4 
9 5 6 1.0 750 110 0.6 
3 6 6 1.8 750 50 0.6 
5 7 6 1.0 1050 50 0.6 
15 8 6 1.8 1050 110 0.6 
19 9 7 1.4 900 80 1.0 
20 10 7 1.4 900 80 1.0 
12 11 8 1.8 750 110 0.6 
21 12 7 1.4 900 80 1.0 
14 13 8 1.0 1050 110 0.6 
16 14 8 1.8 1050 110 1.4 
10 15 8 1.0 750 110 1.4 
11 16 6 1.8 750 110 1.4 
8 17 8 1.8 1050 50 0.6 
22 18 7 1.4 900 80 1.0 
17 19 7 1.4 900 80 1.0 
2 20 8 1.0 750 50 0.6 
6 21 8 1.0 1050 50 1.4 
13 22 6 1.0 1050 110 1.4 
30 23 7 1.4 900 140 1.0 
23 24 5 1.4 900 80 1.0 
25 25 7 0.6 900 80 1.0 
33 26 7 1.4 900 80 1.0 
28 27 7 1.4 1200 80 1.0 
32 28 7 1.4 900 80 1.8 
27 29 7 1.4 600 80 1.0 
26 30 7 2.2 900 80 1.0 
24 31 9 1.4 900 80 1.0 
31 32 7 1.4 900 80 0.2 
29 33 7 1.4 900 20 1.0 
 
5.3 Froth rheology measurement results 
To obtain the froth rheogram for each experimental condition, the measured vane speeds and torque 
values were converted to shear rate and shear stress using the methodology introduced in Chapter 4. 
As noted in Chapter 4, one of two different equations is used for converting vane speed to shear rate, 
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depending on whether the froth is partially or fully sheared in the tube. Stickland and co-workers at 
the University of Melbourne (Stickland et al., 2015) concluded that a tube to vane diameter ratio of 
three was sufficient in practice to eliminate the wall effect. Nguyen and Boger (1983) stated that a 
ratio of two was enough to minimize any effects caused by the rigid boundaries. As the ratio of the 
tube (37 mm) radius to the vane (11 mm) radius was 3.36 in this work, the system was treated as a 
partially sheared froth. The raw data (torque vs vane speed) and the calculated froth rheograms are 
shown in Figures 5.1 and 5.2, respectively.  Significant variation in the froth rheology is observed at 
the different test conditions.   
 
Figure 5. 1 Raw froth rheology data measured in the 33 flotation tests 
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Figure 5. 2 Converted standard froth rheological data calculated for the 33 flotation tests 
5.4 Calculation of shear rate in the froth phase  
Figure 5.2 shows that the flotation froths measured in this study exhibited non-Newtonian shear 
thinning behaviour.  This means that the resistance to flow decreased as the applied shear stress 
increased.  As the shear rate is expected to be related to the froth velocity, which is not constant 
throughout the froth phase, it is necessary to gain an appreciation of the shear rate in the froth to 
determine the portion of the curve which is relevant to this study.    
As discussed in the literature review, the froth phase is usually considered as comprising two zones: 
below and above the level of the concentrate launder lip. The froth below the launder lip flows 
vertically upwards only, at a velocity which is relatively constant and mainly driven by the flow rate 
of the rising air. The froth zone above the launder lip level (i.e. ABDC in Figure 5.3a) is usually 
called the transport zone and exhibits both vertical flow and horizontal flow towards the cell lip 
(Zheng et al., 2004a, Contreras et al., 2013). At any vertical height within the transport zone, the 
horizontal froth velocity increases from the back wall of the cell to the launder lip. Figure 5.3b shows 
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a typical horizontal froth velocity profile at the top of the froth, measured in this study. The horizontal 
flow is affected by the gas rate, which raises the froth level and, as a consequence of gravity, provides 
a driving force towards the lip. The horizontal flow is also affected by both the froth stability and the 
froth rheology. Poor froth stability means that more gas escapes to the atmosphere, reducing the 
driving force towards the lip. Froth rheology affects the resistance to the horizontal flow and results 
largely from the ‘friction’ between the froth layer below the level of the launder lip (which is stagnant) 
and the froth layers above the launder lip (which are moving). Given that the contact area between the 
froth and the cell wall is relatively small, any drag force as a consequence of the wall resisting the 
froth flow can be neglected.  
 
Figure 5. 3 A schematic diagram of the horizontal froth velocity profiles 
The shear rate in the froth phase is related to the horizontal velocity difference between froth layers, 
which can be calculated by evaluating the vertical velocity gradient. The horizontal flow of the 
transport zone can be regarded as being similar to flow in an open channel with an unchanging 
geometry, if it is assumed that the froth height above the launder lip is constant across the cell cross 
section. For flow in an open channel, the velocity at the bottom must be zero (no-slip condition) and 
the velocity at the top surface must be at its maximum (Southard, 2006). Considering any cross 
section of the froth, the driving force applied is a ‘body force’ that acts throughout the flow, whereas 
the resisting drag force acts only at the level of the launder lip. At any position x across the transport 
zone (Figure 5.3a), therefore, the flow velocity must increase monotonically as one moves vertically 
upward through the froth. To simplify the analysis of the vertical velocity profile, it is assumed that 
the horizontal froth velocity increases linearly from zero at the level of the launder lip to a maximum 
at the surface at each point, as shown in Figure 5.4.  
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Figure 5. 4 A schematic diagram of the horizontal froth velocity profile assumed at position x 
The shear rate ?̇?, defined as the velocity gradient (Shi and Napier-Munn, 1999), refers to the velocity 
difference between the horizontal layers in this study. From the assumption that the horizontal froth 
velocity increases linearly from zero at the level of the launder lip to a maximum at the froth surface 
at each point, it allows that the velocity gradient between the froth layers is a constant, which can be 
calculated by dividing the velocity at the top of the froth, 𝑢𝑡 by the froth height above the launder lip, 
ℎ𝑓 (Equation 5.1). The shear rate is therefore linearly related to the velocity of the froth at the surface. 
It will change with position x and will follow the same trend as shown in Figure 5.3b, increasing from 
the cell back wall to the launder lip.  
?̇? =
𝑑𝑢
𝑑𝑦
=
𝑢𝑡
ℎ𝑓
                               (5.1) 
In all of the tests listed in Table 5.1, the froth movement was recorded using a video camera (section 
3.3.4), and the images were analysed to calculate the surface froth velocity profiles. The froth height 
above the launder lip, hf, was measured using a ruler. The froth shear rate for each test was then 
calculated, using Equation 5.1. In order to get an idea of the range of shear rates experienced in the 
froth, the maximum froth shear rates calculated in all conducted tests have been plotted in Figure 5.5. 
It can be seen that in all 33 tests the maximum froth shear rate is less than 4 s-1, which is much smaller 
than the mean shear rate in the pulp phase, which can be up to 90 s-1 (Ralston et al., 2007).  In the 
subsequent work, it was decided to concentrate analysis on that portion of the froth rheogram below 5 
s-1. 
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Figure 5. 5 The maximum froth shear rate measured in each test conducted in the CCRD program 
5.5 Repeatability of froth rheological measurements 
As outlined above, a total of 33 tests were performed according to the CCRD. Of these, seven tests 
(Tests 1, 9, 10, 12, 18, 19, 26) were performed under identical flotation conditions to enable an 
evaluation of experiment repeatability. Figure 5.6 shows the torque measurements obtained in these 
seven replicate flotation tests. Table 5.2 lists these results and shows the calculated mean and standard 
deviation of each measured torque value. In general, the standard deviation (STDEV) values are small 
compared to the mean torque values, indicating that the variation in torque value is small in repeat 
measurements performed using the same flotation conditions. It is therefore concluded that the same 
froth was generated in the repeat flotation tests. It is also concluded that the froth rheological property, 
as represented in this section by torque values, was accurately measured. 
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Figure 5. 6 Torque values measured in each of the repeat tests of the CCRD program 
Table 5. 2 Repeatability of the torque values measured at different vane speeds 
 
1 9 10 12 18 19 26 Mean STDEV 
(rpm) (µNm) (µNm) (µNm) (µNm) (µNm) (µNm) (µNm) (µNm) (µNm) 
1.0 10.04 8.19 8.39 7.49 10.65 12.05 7.19 9.14 1.67 
4.5 36.98 36.73 34.57 32.50 38.87 37.15 32.63 35.63 2.26 
8.0 50.53 47.92 49.50 43.02 47.73 49.40 44.78 47.55 2.52 
11.5 59.53 59.03 57.43 49.80 57.47 58.40 50.55 56.03 3.77 
15.0 65.78 61.03 63.03 54.63 63.25 62.43 57.63 61.11 3.51 
 
5.6 Modelling of the froth rheogram  
It can be clearly seen in Figure 5.2 that the froth studied in this work has shear-thinning behaviour.  
The Herschel-Bulkley model has been widely used to fit foam rheograms (Herzhaft et al., 2005, 
Denkov et al., 2009, Jäsberg et al., 2015): 
    𝜏 = 𝜏𝑦 + 𝜇 ∙ ?̇?
𝑛                           (5.2) 
where  𝜏 is the shear stress, 𝜏𝑦 is the yield stress, μ is the consistency index, ?̇? is the shear rate and n is 
the flow index (dimensionless), which indicates the deviation of the fluid from Newtonian fluid 
behaviour, as follows: 
n>1: shear-thickening fluid (i.e. dilatant fluid) 
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n<1: shear-thinning fluid (e.g. plastic or pseudo-plastic fluid) 
n=1: constant viscosity (μ is the reference viscosity of a Newtonian flow when n=1) (Barnes et al., 
1989).  
Equation 5.2 was fitted to all the shear stress versus shear rate data collected from every test. These 
fitted results indicate that the yield stress of the flotation froth in these experiments is very low and 
can be made to equal zero without any significant effect on the degree of fit of the results. The yield 
stress was therefore removed from the equation. In addition, apparent viscosity, the ratio of shear 
stress to shear rate, is the most commonly used rheological term to evaluate the rheology of non-
Newtonian flow. By dividing both sides of Equation 5.2 by shear rate, an equation can be developed 
relating the apparent viscosity of the froth to the shear rate being applied (Equation 5.3).  
      η = 𝜇 ∙ ?̇?𝑛−1                              (5.3) 
Equation 5.3, which is essentially a power law, was found to fit all the derived data from the test 
program very well. The apparent viscosity versus shear rate relationships fitted for all 33 tests are 
shown in Figure 5.7, on a log-log scale. Given that the shear rate is less than 4 s-1 in all the tests 
(Figure 5.5), the rheograms in Figure 5.7 are only shown for the range of shear rates less than 4 s-1.  
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Figure 5. 7 The dependence of froth apparent viscosity on shear rate 
The resulting straight lines plotted on the log-log scales are an alternative way of showing the 
variation of apparent viscosity with shear rate that clearly indicate that there are significant 
differences in the rheological behaviour (i.e. froth apparent viscosity) between the tested conditions. 
The results of the CCRD program are analysed in section 5.7 below to determine which flotation 
conditions have a significant influence on the froth rheology.  
5.6.1 Comparing rheology measurements at different flotation conditions 
As the flotation froth exhibits non-Newtonian flow behaviour, the apparent viscosity varies with shear 
rate, especially at the low shear rates being experienced in the froths studied in this work (i.e. less than 
4 s-1).  This poses a challenge when one wants to compare the viscosities of different froths, and how 
these change with froth properties. What viscosity should be compared? Björn et al. (2012) have 
suggested that the consistency index (μ) in Equation 5.3 can be used to compare the viscosity of fluids 
which have similar flow indices (n).   
In Figure 5.7, the slopes of all the relationships are very similar, indicating that the flow index (n) may 
be able to be considered a constant. If the flow indexes can be considered constant, the variation of 
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froth rheology in these tests can be represented by differences in the consistency indices (μ). To 
determine whether the n values obtained in the tests can be considered to be the same, the standard 
error of the flow index obtained in each test (determined using Equation 5.3) was evaluated by using 
‘Solver statistics’. Each flow index and its 95% confidence interval is plotted in Figure 5.8, which 
shows clearly that the flow indices are very similar. 
 
Figure 5. 8 Flow indices calculated for each test showing their 95% confidence interval 
Paired t-tests were performed to test the significance of the observed difference between each pair of 
n values. Equation 5.4 was used to calculate the critical difference for a pair of n values to be 
statistically different with 95% confidence (Napier-Munn, 2014):  
                   𝑡 =  
𝑛1−𝑛2
√𝑆𝐸𝑛1
2+𝑆𝐸𝑛2
2
                                   (5.4) 
where 𝑛𝑖 is the flow index and 𝑆𝐸𝑛𝑖  is the standard error of 𝑛𝑖 . For the whole set of n, using the 
calculated average standard error (SEn=0.08) for the n value, Equation 5.4 is changed to Equation 5.5 
as shown below: 
                                                              𝑡 =  
𝑛1−𝑛2
√2𝑆𝐸𝑛
2
                                          (5.5) 
The t values were calculated in Microsoft Excel using the function TINV (probability, degrees of 
freedom) (degrees of freedom = sample size - 2). Statistically, for 95% confidence that the n values 
are significantly different at the t-value of t95, 3 = 3.18, the critical difference should be greater than 
0.36. Figure 5.8 shows that, in general, the difference between each pair of flow indices is less than 
0.36. Therefore, it may be concluded that there is no statistical difference between the n values, which 
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have a mean of 0.48. As a result, the flow index can be treated as a constant, and the froth rheology 
can be evaluated using only the consistency index. The effect of the flotation conditions on the 
consistency index in each of the 33 tests is considered in the following section. 
5.7 Discussion of results of a regression analysis 
5.7.1 Significance of flotation operating variables on froth rheology 
One of the advantages of the CCRD is that it allows for the development of a statistically sound 
model that can be used for optimisation or to provide a more comprehensive understanding of the 
effect of different factors on the response being investigated.  
In the experimental program, the froth rheology was observed to vary with a change in the flotation 
conditions. Using the results from the 33 CCRD flotation experiments, and Minitab 17 software, a 
regression model was developed in which the consistency index was related to the flotation conditions 
(Equation 5.6):  
𝜇 = 3.17 - 0.19FH + 0.81Jg – 0.0018IS – 0.040CS + 1.86CG + 0.53Jg2 -0.34FH*Jg + 0.00031FH*IS 
+ 0.0056FH*CS – 0.0012IS*CG – 0.0077CS*CG                                R²=0.93            (5.6) 
𝜇: consistency index (Pa·sn) 
Jg: superficial gas velocity (cm/s) 
FH: froth depth (cm) 
IS: impeller speed (rpm) 
CG: copper grade (%) 
CS: chalcopyrite particle size (µm) 
The predicted consistency index for each of the 33 CCRD experiments, calculated using Equation 5.6, 
is plotted against the measured result in Figure 5.9. The points in Figure 5.9 are randomly distributed 
close to both sides of the diagonal line of the plot, indicating that this model can predict froth apparent 
viscosity well from the measured flotation operational variables. In addition, the even distribution of 
data on both sides of the diagonal line implies a good experimental data set responding to the 
variables in the CCRD program, and that the froth rheology was accurately measured.  
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Figure 5. 9 Comparison between predicted consistency indices and experimental results 
It is seen from Equation 5.6 that the consistency index is correlated both linearly and non-linearly 
with the flotation operating conditions. There are also interactions between the flotation operating 
conditions. Table 5.3 shows the significance of the flotation variables and their interactions on the 
consistency index. Statistically, a variable can be called significant to the response when its 
significance value is more than 95%. It is, therefore, concluded that all five flotation variables 
significantly affect the consistency index (in a linear or a non-linear way).  
Table 5. 3 Significance of flotation variables and their interactions on froth consistency index  
Variables and interactions Significance (%) 
FH 99.2 
Jg 78.7 
IS 100.0 
CS 100.0 
CG 99.8 
Jg*Jg 99.9 
FH*Jg 100.0 
FH*IS 88.2 
FH*CS 100.0 
IS*CG 97.3 
CS*CG 99.5 
 
5.7.2 Overall effect of flotation operating variables on froth rheology 
One of the advantages of using a CCRD in this study, is that the true effect of a variable on the froth 
viscosity can be isolated from that of all the other variables under consideration. Figure 5.10 shows 
the effect of each of the five flotation variables considered in this study on the consistency index (µ) 
measured in the 33 tests. These plots indicate that the variables influence the consistency index in 
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different ways. In general, except for the superficial gas velocity, the variables exhibit a linear 
relationship with the consistency index, with froth depth and copper grade having a positive 
correlation with the consistency index while impeller speed and chalcopyrite particle size have a 
negative correlation with the consistency index. The correlation between the gas rate and the 
consistency index depends on the specific value of the superficial gas rate. Another conclusion that 
can be drawn is that chalcopyrite particle size results in a larger change in the consistency index than 
the other parameters (over the ranges tested).  
 
Figure 5. 10 Effect of individual flotation variables on froth consistency index (FH: froth depth; Jg: 
superficial gas velocity; IS: impeller speed; CS: chalcopyrite particle size; CG: copper grade) 
Froth rheology is fundamentally determined by the froth characteristics. In the CCRD program, 
flotation variables impacted the froth rheology by changing the froth characteristics. As outlined in 
Chapter 2, it is suspected that the rheology of a froth will be affected by the water content and the 
bubble size, as these are parameters that have been shown to affect the rheology of foams. It is also 
suspected that the presence of solids on the bubble surfaces or within the Plateau borders may 
increase the resistance to froth motion, and therefore increase the froth viscosity. The results observed 
in Figure 5.10 provide an indication of the extent to which these suspicions may be true in a flotation 
froth.  The observed trends and the resulting conclusions that can be drawn are as follows (in terms of 
consistency index as an indicator of froth viscosity): 
1. Increasing the froth depth increases the consistency index. Intuitively it is logical to assume that 
froth retention time will increase with increasing froth depth and consequently the drainage of 
water within the froth will also increase (Guerra and Schubert, 1997, Schwarz, 2004, Wang et al., 
2016). Hence increasing froth depth decreases the water hold-up, causing a drier froth. Khan et al. 
(1988) and Harris (1989) reported a negative correlation between water hold-up and foam 
rheology, which may explain the trend between froth viscosity and froth depth. In addition, it is 
noticed that the trend is relatively flat, indicating that changing froth depth caused only a limited 
change in froth rheology.  
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2. The consistency index was most affected by the size of the chalcopyrite particles in the feed, 
decreasing as the particle size increased. It is well known that the recovery of fine particles in the 
froth is higher than that of coarse particles. Fines are less likely to detach from bubbles and drain 
from the froth if they have reported to the froth by true flotation; they also do not drain as easily if 
they have reported to the froth by entrainment (Seaman et al., 2006, Neethling and Cilliers, 2009, 
Rahman et al., 2012). Therefore, for the same feed rate of solids flowing through a flotation 
system, a greater mass of particles will be contained within the froth phase when the feed particle 
size is finer, which means higher bubble loading. It is not yet clear yet how the presence of these 
solid particles affects the rheology of flotation froths. The presence of hydrophobic particles on 
the lamellae can be considered analogous to the absorption of surfactants on the interfacial films 
in aqueous foams. The effect of surfactant is proportional to the extent of bubble surface coverage 
or the thickness of absorption (Bos and Vliet, 2001). Foam viscosity is positively correlated with 
the thickness of absorption. A finer size of chalcopyrite in the feed may result in more bubble 
loading, and hence a more viscous froth.  Another explanation may be the effect of particle size 
on the bubble size. Bubble size has been shown to be inversely correlated with viscosity in foam 
rheology studies (Kroezen et al., 1988, Falls et al., 1989). Given that flotation froth has a similar 
structure to an aqueous foam, it is possible that reducing the chalcopyrite feed size decreases the 
bubble size and increases the froth viscosity. These two reasons may explain the negative 
relationship between the froth viscosity and the chalcopyrite particle size in the feed. 
3. Increasing the copper grade of the feed increases the consistency index. Increasing the copper 
grade of the feed is likely to increase the bubble loading. More hydrophobic particles on the 
bubble surface will reduce the probability of coalescence, and decrease the bubble size (Barbian et 
al., 2007). As explained above, decreasing bubble size and increasing bubble loading are likely to 
result in a more viscous froth, which may be the reason for the observed increase in the 
consistency index with an increase in the copper feed grade. 
4. Increasing the impeller speed was found to decrease the consistency index. The impeller speed 
affects the froth rheology through changing the froth properties. Gorain et al. (1995) noted that 
increasing the impeller speed decreases the bubble size in the pulp. Decreasing the bubble size in 
the pulp will increase the bubble surface area available for bubble-particle attachment, which is 
likely to decrease the bubble loading in the pulp and froth. In addition, froth stability declines as 
the bubble loading decreases in the froth, resulting in a higher probability of bubble coalescence 
and a coarse bubble size distribution in the froth (Barbian et al., 2007). Hence, decreasing the 
bubble loading and increasing the bubble size are likely to lead to a less viscous froth which may 
be the reason for the negative correlation between impeller speed and froth viscosity.  
5. The consistency index first decreases upon increasing the superficial gas velocity and then 
increases. Changing the superficial gas velocity is expected to change the froth properties 
significantly. Increasing the superficial gas rate will increase the water content in the froth but 
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decrease the solids loading on each bubble (Nguyen et al., 2003).  It will also increase the bubble 
size in the pulp, and the size of bubbles at the pulp-froth interface, but decrease the froth residence 
time and therefore the time for bubble coalescence in the froth phase. The effect of superficial gas 
rate on the froth properties (i.e. bubble size, bubble loading and water content) will thus be 
complex, with various competing factors resulting in the non-linear variation of the consistency 
index with a change in the gas rate.  
In the above paragraphs, possible reasons for the observed correlations between the froth rheology 
and the flotation variables changed in the CCRD program have been discussed. The results suggest 
that the bubble size, the bubble loading and the water content of the froth, which vary with a change 
in the flotation conditions, all have an effect on the froth rheology. In particular, the bubble loading, 
which is affected by both the feed grade and the chalcopyrite feed particle size, is a key factor to be 
studied. Chapter 6 will investigate whether direct relationships can be derived between the froth 
rheology and the froth characteristics.  
5.7.3 Effect of interactions between flotation variables 
Flotation variables often interact with one another to produce the ultimate flotation results. Up to this 
point in this chapter, the individual effects of the investigated variables on the froth rheology have 
been discussed. However, the effects of the interactions between these variables cannot be ignored.  
Figure 5.11 displays the effects of the interactions between the flotation variables on the froth 
consistency index for the current study. In these plots, parallel lines indicate no interaction between 
the factors whereas lines that cross indicate an interaction between the factors. A label is provided 
above each sub-figure to denote the interaction being displayed. The plots show that five interactions 
(out of the possible ten interactions) are statistically significant. For example, there is an interaction 
between the froth depth and the chalcopyrite particle size in determining the froth rheology. In the 
presence of fine chalcopyrite (P80=20 µm), the consistency index decreases with increasing froth 
height, while the froth height does not significantly affect the consistency index when medium size 
chalcopyrite particle (P80=80 µm) were used. On the other hand, the froth depth is positively related to 
the consistency index in the presence of coarse chalcopyrite (P80=140 µm), meaning that froth 
viscosity increases as froth depth increases.  
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Figure 5. 11 Effect of interactions between flotation variables on froth rheology (FH: froth depth; Jg: 
superficial gas velocity; IS: impeller speed; CS: chalcopyrite particle size; CG: copper grade) 
As can be seen in Table 5.3 and Figure 5.11, other interactions also affect the froth rheology 
significantly. These interactions are a consequence of the flotation variables interactively changing the 
characteristics of the froth in a complex manner, which ultimately changes the froth rheology. Given 
the complication of the interactions as shown in Figure 5.11, and that the main purpose of this work is 
to gain insight into the reason for the effect of flotation conditions on froth rheology, no further effort 
was dedicated to investigating the effect of interactions upon froth rheology.  
5.8 Conclusions 
This chapter described the CCRD test program performed to determine the effect of flotation 
variables on froth rheology.   Froth rheology was measured using the vane rheometer surrounded by 
the tube (as described in Chapter 4) which was found to produce repeatable and consistent results in 
these experiments. 
The shear rate in the froth was calculated by assuming the froth flow is similar to flow in an open 
channel. The local shear rate at a point within flotation froth was calculated as the ratio between the 
horizontal flow velocity towards the launder lip to the froth height above the launder lip. It was 
estimated that the shear rate in the froth phase is less than 4 s-1, which is much lower than the shear 
rate experienced in the pulp phase.  
Froth apparent viscosity versus shear rate was found to be well fitted by a power-law model, which 
indicated that the froths produced in these experiments exhibited shear-thinning characteristics with 
very little yield stress, and pseudo-plastic behaviour.  It was shown that the variation of froth rheology 
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in the tests conducted in this study can be evaluated using the consistency index in the power law 
model, as the flow index parameter was statistically constant over the 33 flotation tests.  
The consistency index was found to vary significantly with variation in the flotation conditions. The 
feed grade was positively related to the consistency index while the feed particle size was negatively 
correlated. In addition, increasing the froth depth linearly increased froth viscosity while increasing 
the impeller speed had the opposite effect. Froth rheology was found to have a non-linear relationship 
with the superficial gas rate. An empirical model was developed to relate the froth rheology to the 
flotation variables, and the interactions between these variables. The predicted froth apparent 
viscosities showed good agreement with the measured results.  
It has been speculated that the flotation conditions affect the froth rheology because they result in a 
change in the flotation froth characteristics. In foam studies, bubble size and water content have been 
shown to affect rheology, and the results reported in this chapter suggest that this might also be the 
case in a flotation froth. Results also suggest, however, that the presence of solids on the bubble 
surfaces in the froth also significantly increases the flotation froth viscosity. Chapter 6 will determine 
whether the froth properties which vary in each test of the CCRD program can be correlated with the 
measured froth rheology.  
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Chapter 6 Effect of Flotation Froth Properties on Froth Rheology 
6.1 Introduction 
Froth rheology is fundamentally defined by froth properties. The froth properties that are thought to 
influence froth rheology have been reviewed in Chapter 2. The outcomes of Chapter 5 indicate that 
froth rheology can be determined by the froth properties identified. In order to validate this, this 
chapter investigates the effects of the identified froth properties on froth rheology, by re-examining 
the results of the CCRD program generated by changing the froth properties and, consequently, the 
froth rheology. In addition, in the same way that foam rheology has been successfully modelled as a 
function of foam properties (Princen and Kiss, 1989), analysis will be conducted to determine whether 
this model can be modified so that it is appropriate to model flotation froth rheology as a function of 
froth properties.  
This chapter also presents the results of an additional factorially designed program of flotation 
experiments, in which frother dosage and feed grade were investigated over a wider range of values 
compared to the CCRD program. The findings of this factorial program were used to validate the 
outcomes of the CCRD program. 
6.2 Estimation of froth properties  
In Chapter 2, the froth properties thought to influence the froth rheology were identified as the bubble 
size, the gas hold-up, the fraction of the lamellae covered by solids, and the solids volume fraction in 
the Plateau borders and vertices. The procedures used in this study to measure the bubble size and gas 
hold-up in the froth have been described in Chapter 3.  Methods to estimate the fraction of the 
lamellae covered by solids, and the solids volume fraction in the Plateau borders and vertices, will be 
discussed in the following sections.  
6.2.1 Fraction of lamellae covered by solids 
To calculate the fraction of the lamellae covered by solids, the mass of solid particles attached to the 
lamellae per unit area (i.e. bubble loading), and the size distribution of these particles, need to be 
known. The bubble loading in the froth phase can be derived from the bubble loading in the pulp 
phase. The estimation of bubble loading in this work is based on the assumption that particles that 
detach through bubble bursting and bubble coalescence in the froth phase do not reattach on the 
lamellae. This assumption is supported by previous studies. Vera et al. (1999b) reported that froth 
recovery was unselective. Thus, detached hydrophobic particles stay in the Plateau borders and 
vertices without any reattachment. This is consistent with the findings of Ventura-Medina and Cilliers 
(2002), who concluded that the recovery of hydrophobic minerals in the flotation concentrate comes 
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mainly from the Plateau borders and vertices, due to bubble bursting and bubble coalescence, 
indicating that reattachment is not significant.  
Silica, a hydrophilic mineral, does not attach on bubble surfaces, and is recovered into the froth phase 
by entrainment, which contributes negligibly to the bubble loading. Hence, bubble loading is 
associated with hydrophobic particles only. In the pulp phase, these particles attach to dispersed 
bubble surfaces and are transported to the froth phase. As a result of the quick drainage of water in the 
froth, bubbles start to attach to one another. Given that bubbles are densely packed in the froth phase, 
each lamella is shared by two neighbouring bubbles (Yianatos and Contreras, 2010). The particles 
originally attached on dispersed bubble surfaces redistribute on lamellae. Consequently, the bubble 
loading in the froth phase is double that in the pulp phase.  
In this work, bubble loading in the pulp phase is calculated as the ratio of the mass flow rate of 
chalcopyrite entering the froth phase to the bubble surface area flow rate entering the froth phase.  
The mass flow rate of chalcopyrite entering the froth phase is equal to the mass flow rate of 
chalcopyrite in the final flotation concentrate, when the drainage of chalcopyrite from the froth phase 
is negligible. This is a reasonable assumption when the final flotation recovery is close to 100%. As 
shown in Equation 6.1, flotation recovery is determined by both pulp recovery and froth recovery 
(Finch and Dobby, 1990):  
𝑅 =
𝑅𝑐∙𝑅𝑓
𝑅𝑐∙𝑅𝑓+(100−𝑅𝑐)
∙ 100                (6.1) 
where 𝑅 is flotation recovery (%), 𝑅𝑐 is pulp recovery (%) and 𝑅𝑓 is froth recovery (%) 
Froth recovery must be close to 100% when flotation recovery is close to 100%, and therefore 
drainage from the froth will be minimal. Once chalcopyrite particles are recovered into the froth phase, 
they will survive to be in the final concentrate. As shown in Table 6.1 below, recoveries in the 
flotation tests were high (i.e. > 85%). It is therefore reasonable to assume that the mass flow rate of 
chalcopyrite from the pulp to the froth is roughly equal to the mass flow rate of chalcopyrite in the 
concentrate. 
The bubble surface area flow rate entering the froth phase can be determined from the bubble surface 
area flux and the cross-sectional area of the cell (Equation 6.2). 
        𝜑𝑝 = 𝑆𝑏 ∙ 𝐴                  (6.2)  
where 𝑆𝑏 is the bubble surface area flux in the pulp (cm
2/cm2∙ 𝑠),  𝐴 is the cell cross-sectional area 
(cm2) and 𝜑𝑝 is the bubble surface area flow rate in the pulp (cm
2/s). 
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𝑆𝑏 is a measure of the fresh bubble surface area being supplied to the cell per cell cross-sectional area. 
It is determined by the superficial gas velocity and the Sauter mean bubble diameter, as shown in 
Equation 6.3 (Gorain et al., 1997). The cell cross-sectional area is known. Hence the bubble surface 
area flow rate in the pulp can be calculated by Equation 6.3  
        𝑆𝑏 =
6𝐽𝑔
𝐷32
                       (6.3)  
where 𝐽𝑔 is superficial gas velocity (cm/s), 𝐷32 is Sauter mean bubble diameter in the pulp (cm). 
The mass flow rate of chalcopyrite in the concentrate can be calculated from the measured mass flow 
rate of solids in the concentrate and the copper concentrate grade. It is known that the recovery of 
hydrophobic minerals from the pulp phase is mainly by true flotation, which means that the collection 
of hydrophobic minerals by entrainment in the pulp phase is limited. Thus, the bubble loading in the 
froth phase can be calculated from Equation 6.4, where ‘2.89’ is the ratio of the molecular weight of 
chalcopyrite to the atomic weight of copper.  
            𝐿𝐵 = 2 ∙
2.89∅𝑐∙𝐺
100∙𝜑𝑝
             (6.4) 
where 𝐿𝐵 is the bubble loading in the froth (g/cm
2), ∅𝑐 is the solids flow rate of concentrate by mass 
(g/s), and 𝐺 is the copper concentrate grade (%). 
As mentioned before, the bubble loading in the froth phase is double that in the pulp phase, which is 
reflected by the number ‘2’ in Equation 6.4. It should be pointed out that this method may 
underestimate the absolute bubble loading (as there is likely to be some chalcopyrite drainage from 
the froth). However, it is believed that this method provides a reasonable relative estimate of the 
bubble loading in the 33 tests carried out in the CCRD program. 
Finally, to calculate the fraction of the lamellae covered by the solids, the mass of solids loaded on to 
the bubble surfaces needs to be converted into an area. To simplify the analysis, the shape of the solid 
particles on the lamellae is assumed to be spherical, and the mean particle size of the solids on the 
lamellae is assumed to be the same as that of the sized concentrate. It is assumed that the particles 
exhibit a monolayer distribution on the lamellae. Hence, the area of a particle occupying the lamella is 
equal to its projected area, and the fraction of the lamellae covered by solids can be calculated by 
Equation 6.5.  
𝜗 =  
30000𝐿𝐵
2𝜌𝑐∙𝑃50
     (6.5) 
where 𝜗 is the fraction of lamellae covered by solids (-), 𝜌𝑐 is the chalcopyrite density (4.18 g/cm
3), 
and P50 is the mean particle diameter of chalcopyrite measured in the concentrate (µm). Density is 
required in this equation to convert the mass of chalcopyrite loaded on bubbles into a projected area. 
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6.2.2 Solids volume fraction in the Plateau borders and vertices 
The solids volume fraction in the Plateau borders and vertices is determined by the ratio of the volume 
of solid particles to the total volume (including solids and water). It is equal to the ratio of the solids 
volumetric flow rate (hydrophilic and hydrophobic particles) to the total volumetric flow rate 
(hydrophilic and hydrophobic particles and water) in the Plateau borders and vertices.  
The volumetric flow rate of hydrophobic particles in the Plateau borders and vertices is the overall 
volumetric flow rate of hydrophobic particles in the final concentrate minus the flow rate of 
hydrophobic particles attached to bubble surfaces in the concentrate. The latter is determined directly 
from the bubble surface area flow rate overflowing the concentrate lip and the bubble loading. The 
bubble loading is obtained from Equation 6.4, therefore, the bubble surface area flow rate overflowing 
the lip is needed. This may be calculated from the volumetric flow rate of air overflowing the 
concentrate lip and the Sauter mean bubble diameter in the froth. The volumetric flow rate of air 
overflowing the lip can be determined by Equation 6.6:  
   𝑉𝑎 =  𝑘 ∙ 𝜀𝑓 ∙ 𝑣𝑓 ∙ ℎ𝑓 ∙ 𝑤           (6.6) 
where 𝑉𝑎 is the volumetric flow rate of air overflowing the lip (cm
3/s), 𝜀𝑓 is the gas hold-up in the 
froth (-), 𝑣𝑓 represents the surface froth velocity over the lip (cm/s), ℎ𝑓 is the froth height above the 
lip (cm), 𝑤 is the lip width (cm) and 𝑘 represents the velocity profile of the overflowing froth (-). 
When a linear velocity increase with froth height is assumed (see Figure 5.4), the average velocity is 
half of the measured surface velocity (𝑘=0.5) (Cilliers et al., 1998). 
The Sauter mean bubble diameter in the froth is obtained from the surface froth image analysis results. 
The bubble surface area flow rate overflowing the lip is determined by the number of bubbles and the 
average surface area of a bubble and can be calculated using Equation 6.7.  
                𝜑𝑓 =
1
2
∙
𝑉𝑎
𝑉𝑏̅̅ ̅̅
∙ 𝐴𝑏 =
1
2
∙
6𝑉𝑎
𝐷32̅̅ ̅̅ ̅
                     (6.7) 
where 𝜑𝑓is the bubble surface area flow rate overflowing the lip (cm
2/s), 𝑉𝑏 is the average volume of 
a bubble (cm3), 𝐴𝑏 is the average surface area of a bubble,  𝐷32̅̅ ̅̅ ̅ is the Sauter mean bubble diameter in 
the froth (cm), and the factor of "1/2"   corresponds to the sharing of each lamella by two 
neighbouring bubbles. Hence the mass flow rate of chalcopyrite recovered in the concentrate attached 
to lamellae (𝐿𝐵 ∙ 𝜑𝑓) can be calculated.  
Finally, the volumetric flow rate of chalcopyrite recovered by entrainment in the Plateau borders and 
vertices is the overall mass flow rate of hydrophobic particles in the final concentrate minus the flow 
rate of hydrophobic particles attached to bubble surfaces in the concentrate and then divided by 
chalcopyrite density, which can be calculated using Equation 6.8:    
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          𝑉𝑐 =
2.89∅𝑐∙𝐺−100∙𝐿𝐵∙𝜑𝑓
100∙𝜌𝑐
            (6.8) 
where 𝑉𝑐  is the volumetric flow rate of chalcopyrite that is entrained in the Plateau borders and 
vertices (cm3/s). 
Ventura-Medina and Cilliers (2002) reported that the water present in the froth phase is mainly 
trapped in the Plateau borders and vertices; the contribution from the lamellae is negligible. Hence, 
the water flow rate in the Plateau borders and vertices is equal to that in the final concentrate.  
The silica flow rate in the concentrate is equal to that in the Plateau borders and vertices (as silica is 
not hydrophobic). This can be calculated based on the concentrate mass flow rate and the copper 
grade. The volumetric flow rate of silica in the concentrate is determined by Equation 6.9 by 
considering the silica density: 
                                                                     𝑉𝑠 =
∅𝑐∙(100−2.89𝐺)
100∙𝜌𝑠
                (6.9) 
where 𝑉𝑠 is the volumetric flow rate of silica overflowing the discharge lip (cm
3/s), and  𝜌𝑠 is silica 
density (2.65 g/cm3). 
The water volumetric flow rate in the concentrate is measured. Thus, the solids concentration in the 
Plateau borders can be calculated using Equation 6.10; 
                              𝜀𝑠 =
𝑉𝑠+𝑉𝑐
𝑉𝑠+𝑉𝑐+𝑉𝑤
                   (6.10) 
where 𝜀𝑠 is the solids volume fraction in the Plateau borders and vertices (-), and 𝑉𝑤 is the volumetric 
flow rate of water overflowing the discharge lip (cm3/s).   
6.2.3 Calculated froth properties 
A summary of the data obtained in the flotation experiments is given in Table 6.1.These data were 
used to perform the calculations described in Equations 6.3 to 6.10. A summary of the calculation 
results, i.e. the froth properties for each experiment, is shown in Table 6.2.  As mentioned previously, 
there are seven repeat tests among the 33 flotation experiments (i.e. Test 1, 9, 10, 12, 18, 19, and 26).  
A statistical analysis (CoV, the ratio of the standard deviation to the mean) of the calculated froth 
properties determined for these repeat tests is shown in Table 6.3.  The standard deviation is generally 
less than 10% of the mean value. 
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Table 6. 1 Data obtained from the flotation experiments (CCRD program) 
Test 
R 
(%) 
𝐽𝑔 
(cm/s) 
D32 
(cm) 
𝑣𝑓 
(cm/s) 
ℎ𝑓 
(cm) 
∅𝑐 
(g/s) 
G 
(%) 
𝑉𝑤 
(cm3/s) 
P50 
(µm) 
1 93.73 1.4 0.043 5.54 2.30 14.82 8.15 56.03 10.21 
2 89.90 1.0 0.048 3.10 2.40 7.63 11.67 28.75 8.44 
3 98.30 1.8 0.053 4.87 2.80 19.82 4.56 59.06 10.64 
4 95.51 1.8 0.051 4.95 2.50 11.45 9.25 36.33 8.91 
5 93.83 1.0 0.048 3.93 1.40 10.47 3.42 32.21 5.54 
6 93.56 1.8 0.051 5.31 2.20 14.05 2.08 47.80 11.79 
7 93.53 1.0 0.048 4.05 1.90 11.58 2.82 42.19 10.17 
8 94.38 1.8 0.053 5.67 2.10 13.68 2.65 52.50 9.73 
9 94.40 1.4 0.043 5.48 2.00 13.50 7.61 50.34 10.97 
10 94.42 1.4 0.043 5.35 2.00 16.99 8.30 53.58 14.08 
11 95.44 1.8 0.051 5.12 1.90 13.75 3.04 44.99 9.18 
12 94.57 1.4 0.043 5.65 1.90 15.49 6.17 50.22 9.64 
13 78.51 1.0 0.048 3.93 2.10 10.57 3.83 36.03 8.90 
14 92.35 1.8 0.053 5.39 2.30 12.65 10.98 44.19 13.19 
15 95.05 1.0 0.048 3.80 1.80 11.82 12.74 33.81 18.86 
16 95.48 1.8 0.051 5.30 2.10 9.02 10.95 31.49 14.14 
17 91.87 1.8 0.053 4.40 2.60 4.17 6.91 23.51 2.52 
18 94.52 1.4 0.043 5.98 2.00 16.01 6.50 56.09 12.08 
19 85.35 1.4 0.043 6.15 2.10 16.84 5.30 56.43 9.83 
20 81.38 1.0 0.048 1.99 1.80 1.97 9.57 11.34 3.69 
21 90.72 1.0 0.048 3.01 2.90 4.79 15.97 18.85 9.16 
22 85.26 1.0 0.048 2.16 1.30 4.79 21.31 12.21 26.01 
23 91.63 1.4 0.043 2.96 0.80 5.46 12.71 21.15 10.06 
24 92.11 1.4 0.043 6.22 2.10 17.35 4.37 58.68 13.20 
25 76.62 0.6 0.058 1.57 1.20 5.19 13.34 14.93 18.11 
26 93.04 1.4 0.043 5.96 2.30 16.66 6.78 56.20 12.38 
27 89.05 1.4 0.042 6.02 1.90 15.78 7.71 59.06 11.67 
28 94.37 1.4 0.043 5.69 3.10 16.44 12.38 58.06 13.58 
29 95.89 1.4 0.057 5.72 2.10 12.78 13.17 43.06 15.57 
30 97.26 2.2 0.048 6.64 2.50 17.37 6.58 63.15 12.66 
31 93.99 1.4 0.043 6.00 2.20 12.19 11.34 48.17 10.93 
32 89.71 1.4 0.043 4.74 1.50 7.27 1.74 37.35 3.52 
33 92.87 1.4 0.043 5.24 2.90 11.45 6.53 49.11 4.62 
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Table 6. 2 Summary of the froth properties in each flotation experiment (CCRD program) 
Test 𝜀𝑓 (-) 𝐷32̅̅ ̅̅ ̅ (cm) 𝜗 (-) εs (-)  μ (Pa.s
n) 
1 0.9524 0.91 0.014 0.0835 1.47 
2 0.9646 0.89 0.0194 0.0807 2.04 
3 0.9586 0.81 0.0095 0.1075 1.80 
4 0.9736 0.86 0.0128 0.0968 1.92 
5 0.9595 1.00 0.0119 0.1058 1.02 
6 0.9662 1.23 0.0027 0.0978 2.02 
7 0.9484 0.94 0.0059 0.0913 1.44 
8 0.9646 1.09 0.0042 0.0872 1.07 
9 0.9564 0.92 0.0111 0.0851 1.39 
10 0.9531 0.97 0.0118 0.0983 1.40 
11 0.9689 1.15 0.0049 0.1004 1.35 
12 0.9564 0.97 0.0117 0.0981 1.24 
13 0.9564 0.80 0.0084 0.096 1.73 
14 0.9698 0.86 0.0118 0.0871 1.10 
15 0.9598 0.82 0.0147 0.1023 1.77 
16 0.9789 0.93 0.0075 0.0872 1.22 
17 0.9846 0.76 0.0128 0.0585 1.26 
18 0.9527 0.84 0.0102 0.0911 1.46 
19 0.9524 0.84 0.0107 0.0961 1.48 
20 0.9863 0.78 0.0094 0.0556 1.59 
21 0.9776 0.71 0.0154 0.0737 1.84 
22 0.9844 1.01 0.0072 0.1028 0.64 
23 0.9821 1.07 0.0081 0.0778 0.57 
24 0.9499 0.94 0.0068 0.0962 1.02 
25 0.9698 0.90 0.014 0.1013 1.66 
26 0.9517 0.87 0.0108 0.094 1.27 
27 0.9493 0.88 0.0121 0.0847 0.98 
28 0.9495 0.82 0.0177 0.0848 1.65 
29 0.9618 0.93 0.0167 0.0878 1.38 
30 0.9643 1.00 0.0074 0.0881 1.43 
31 0.9585 0.86 0.0149 0.0774 1.30 
32 0.9682 1.15 0.0043 0.0672 0.88 
33 0.956 0.87 0.0191 0.0756 1.58 
 
Table 6. 3 Statistics of the froth properties calculated using the repeat tests  
Froth property 𝜀𝑓 (-) 𝐷32̅̅ ̅̅ ̅ (cm) 𝜗 (-) εs (-) μ (Pa.s
n) 
Mean 0.9536 0.90 0.0115 0.0923 1.39 
STDEV 0.0020 0.06 0.0012 0.0060 0.10 
CoV(%) 0.21 6.12 10.87 6.52 6.99 
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6.3 Influence of froth characteristics on froth rheology 
Practically, foam rheology is associated with bubble size and gas hold-up (Harris and Reidenbach, 
1987, Kroezen et al., 1988, Herzhaft, 1999, Wang et al., 2014). When foam is dry, its rheology is 
dominated by the bubble size (Hirasaki and Lawson, 1985, Kroezen et al., 1988). In this project, the 
froth was very dry, with gas hold-up above 0.94 for all the froths (see Table 6.2). Hence it is expected 
that gas hold-up is not a significant factor affecting froth rheology in this work, and therefore no 
investigation was performed to study its effect on froth rheology.  
The response of froth rheology to bubble size, the fraction of the lamellae covered by solids, and the 
solids volume fraction in the Plateau borders and vertices are investigated in the following sections. In 
addition, although temperature is not one of the previously identified properties, it is well known that 
temperature can significantly affect the rheology of flowing materials (He et al., 2004, Bu et al., 2005, 
Schneider and Eibl, 2008, Petit et al., 2010). Therefore, the effect of froth temperature on the froth 
rheology was also studied. 
6.3.1 Bubble size  
Figure 6.1 shows a negative relationship between the consistency index obtained from the froth 
rheology model (𝜇) and the froth bubble size (𝐷32)̅̅ ̅̅ ̅̅ . There is scatter in this data, which is expected in 
a system where multiple froth characteristics have a bearing on the result.  According to the regression 
analysis, there is a 99.98% confidence that the slope of this relationship is negative and non-zero. 
Therefore it can be concluded statistically that bubble size is negatively correlated with froth viscosity. 
  
Figure 6. 1 Effect of froth bubble size on the froth consistency index  
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From a macroscopic viewpoint, with the air volume fraction being above 0.95 in the froth in all the 
experiments (see Table 6.2), the flotation froth structure can be considered to be similar to a dry foam. 
In two-phase aqueous foam studies, rheology has been found to be governed by the air volume 
fraction and the bubble size (Khan et al., 1988, Falls et al., 1989, Harris, 1989, Cox, 2005). Air 
volume fraction has a positive correlation with foam rheology, while bubble size is negatively 
correlated to foam rheology. The dominant factor determining foam rheology transitions from air 
volume fraction to bubble size as the foam dries.  At a low air volume fraction (Figure 6.2a), isolated 
bubbles stay in a continuous liquid phase. When a shearing force is applied on the foam, the resistance 
to deformation is mainly determined by the bulk liquid rheology rather than the foam texture 
(Herzhaft et al., 2005). As air volume fraction increases (Figure 6.2b), the foam regime changes from 
dispersed bubbles to compressed bubbles separated by the lamellae which form the Plateau borders 
and vertices where the liquid is trapped. When an external shearing force is applied on this type of 
foam, the bubbles are deformed and pass over one another. The liquid trapped in the Plateau borders 
is also sheared during the flow. Therefore, the foam is expected to become more viscous and its 
rheological properties to be determined by the bulk liquid rheology and the bubble size (Wang et al., 
2014). When foam is very dry, with a high air volume fraction (Figure 6.2c), the volume of liquid 
trapped in the Plateau borders and vertices is negligible, and bubble deformation and the friction 
between adhered bubbles define the foam rheology. In such dry foam, the most important property 
affecting foam viscosity is the bubble size (Bronfort and Caps, 2012).  
 
Figure 6. 2 Characteristics of a foam as the air fraction increases (a) low air fraction (b) medium air 
fraction and (c) high air fraction 
From a microscopic viewpoint, the relationship in Figure 6.1 can be explained in terms of the relative 
motion between neighboring bubbles and bubble surface deformation. Froth flow is an irreversible 
process which involves the rearrangement of bubbles. This leads to the appearance of local velocity 
gradients in the fluid confined in the lamellae, as the fluid is sheared as shown in Figure 6.3a (Denkov 
et al., 2009).  Bikerman (1973) noted that the lamella was significantly more viscous than the bulk 
liquid viscosity. Therefore, the shearing friction in the lamellae significantly dissipates energy and 
contributes to the froth viscosity. The length of lamella in a given volume of froth is determined by 
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the bubble size. A bigger mean bubble size in the froth indicates a lower total lamella length and vice 
versa. This explains the negative correlation between bubble size and froth viscosity.  
Froth flow also involves bubble surface area change. In static circumstances, a lamella is in a force 
equilibrium composed of the pressure difference between neighboring bubbles and the surface tension. 
In sheared foam, the analysis of bubble dynamics has shown that the perpetual formation and 
disappearance of foam films between colliding bubbles leads to variation of the bubble surface area 
around its mean value (Tcholakova et al., 2008). The viscous dissipation of energy due to surface area 
change is related to the surface dilatational modulus which defines bubble surface rigidity. The bubble 
surface dilatational modulus is positively correlated with surface tension (Costa et al., 2013b, 
Karbaschi et al., 2014). At liquid-air interfaces, surface tension results from the greater attraction of 
water molecules to one another than to the molecules in the air. The net effect is an inward force at the 
surface which results in the elastic tendency of the liquid to acquire the least surface area possible. 
Bubble deformation involves surface stretch as shown in Figure 6.3b: at each local point on the 
surface, the stretch dissipates energy to offset the resistance resulting from surface tension. The small 
bubbles possess high surface tension and, consequently, a higher surface dilatational modulus, which 
results in a greater dissipation of energy during deformation. This is another reason why froth 
viscosity is expected to increase as the size of bubbles decreases.  
 
Figure 6. 3 A schematic of the processes determining the lamella dynamics in sheared froth 
6.3.2 Fraction of lamellae covered by solids 
Flotation froth is a three-phase regime containing solid particles. The solid particles are distributed on 
the bubble surfaces and are expected to affect the froth rheology. Figure 6.4 confirms this hypothesis, 
showing that the greater the coverage of the lamellae with particles, the greater the consistency index 
and therefore the viscosity of the froth.  Regression analysis indicates that there is a 99.64% 
confidence that the slope of this line is positive and non-zero. 
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Figure 6. 4 Effect of the fraction of lamellae covered by solids on the froth consistency index  
The positive correlation between the fraction of lamellae covered by solids and the froth rheology is 
likely to be due to two reasons:  
I. The presence of particles on a lamella likely roughens the bubble surface as shown in Figure 
6.5. In the sheared froth, the relative motion between neighbouring bubbles needs extra 
energy to overcome the resistance resulting from the friction between the particles attached on 
the bubble surfaces. The higher the proportion of the lamellae covered, the greater the friction 
and the more energy is dissipated by the relative motion; consequently, the froth is more 
viscous. Moreover, the particles on the lamellae will cluster together due to the Van der 
Waals’ forces.  When relative motion occurs between two neighbouring bubbles, the particle 
clusters will be disrupted as the energy overcomes the bonds between particles. The 
phenomenon is also expected to dissipate shear energy. 
 
Figure 6. 5 Schematic of particles on bubble surfaces 
II. The presence of hydrophobic particles on the lamellae can lower surface tension and enhance 
froth stability (Tao et al., 2000, Aktas et al., 2008). A large number of particles on a bubble 
surface stabilise a film by forming a closely packed monolayer. This prevents the interfaces 
from touching and consequent coalescence between bubbles (Johansson and Pugh, 1992) 
resulting in small bubble sizes. The probability for the bubbles to coalesce decreases with an 
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increase in the fraction of lamellae covered by solids; consequently, the bubble size decreases. 
As discussed in the previous section, the froth becomes more viscous when the bubble size 
decreases.   
6.3.3 Solids volume fraction in the Plateau borders and vertices 
Within the Plateau borders and vertices which form between the packed bubbles of a flotation froth, 
water and suspended solids exist. In aqueous suspensions, the solids concentration by volume can 
have a considerable effect on the bulk rheology (as discussed in section 2.4.1.1). Potentially, the 
solids within the Plateau borders may also affect the froth rheology.  However, no trend was observed 
between the froth viscosity (in terms of consistency index) and the estimated solids concentration in 
the Plateau borders and vertices (Figure 6.6). Regression analysis, estimates with 95% confidence, 
that there is not sufficient evidence to conclude that a trend exists between the consistency index and 
the solids fraction in the Plateau borders and vertices. 
 
Figure 6. 6 Effect of the solids concentration in the Plateau borders and vertices on the froth 
consistency index  
This observation may be a consequence of either the bubbles being so tightly packed that the rheology 
of the suspension between the bubbles plays no role, or the percent solids in the water phase being too 
low to be having an effect. As discussed in section 2.4.1.1, in a dilute system in which the collisions 
between particles can be ignored (Mewis and Wagner, 2012), the inter-particle interactions contribute 
negligibly to the suspension rheology. In this study, the solids concentration in the Plateau borders 
was low and varied in a narrow range between 0.06 and 0.11 (Figure 6.6). Therefore, it is believed 
that the contribution of solids concentration to the viscosity of the suspension in the Plateau borders 
and, consequently, to the whole froth phase, was low. Any effect of the solids volume fraction in the 
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Plateau borders on froth viscosity would be masked by the solids surface coverage and bubble size 
effects.  Therefore, no clear trend was observed in Figure 6.6. 
6.3.4 Effect of froth temperature on froth rheology 
In this project, the froth temperature was not controlled but monitored using a thermometer. The 
correlation between the froth temperature and the froth rheology is plotted in Figure 6.7. Regression 
analysis estimates, with 95% confidence, that there is not sufficient evidence to conclude that a trend 
exists between the consistency index and the froth temperature. This may be because the flotation 
froth is not sensitive to temperature, or the variation of froth temperature is not sufficient to 
significantly affect the froth rheology.  
 
Figure 6. 7 Effect of froth temperature on the froth consistency index  
6.4 Modelling froth rheology 
According to the analysis in the preceding sections, the bubble size and the fraction of lamellae 
covered by solids are the two important froth properties that affect the froth rheology.  The next 
objective is to determine an appropriate model structure that can be used to predict the froth rheology 
based on these underpinning mechanisms. 
As discussed in Chapter 2, Princen and Kiss (1989) have developed a model for foam and highly 
concentrated emulsions that predicts apparent viscosity as a function of the foam or emulsion 
properties (Equation 6.11).  
          𝜂 =
𝜏𝑦
?̇?
+ 32.0(𝜀𝑓 − 0.73)𝜂0𝐶𝑎
−0.5                 (6.11) 
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where 𝜂 is the apparent viscosity (Pa ∙ s), ?̇? is the shear rate, 𝜏𝑦 is the yield stress (Pa), 𝜀𝑓 is the gas 
hold-up, 𝜂0 is the viscosity of the Newtonian continuous phase (Pa ∙ s) and 𝐶𝑎 is the capillary number 
given by Equation 6.12: 
                                                            𝐶𝑎 =
𝜂0𝑅32?̇?
𝜎
                                     (6.12) 
where 𝑅32 is the Sauter mean bubble radius (cm) and 𝜎 is the interfacial tension (N/cm). Substituting 
Equation 6.14 into 6.13 gives Equation 6.13: 
            𝜂 =
𝜏𝑦
?̇?
+ 32.0(𝜀𝑓 − 0.73)(
𝑅32?̇?
𝜂0𝜎
)−0.5                (6.13) 
This is of the same form as the modified Herschel-Bulkley model fitted to the experimentally 
produced froth rheograms in this study (Equation 5.3 in Chapter 5), but also includes parameters 
related to the properties of the froth system, i.e. the yield stress (when it is relevant), the gas hold-up, 
the bulk viscosity of the continuous phase which will exist in the Plateau borders, the bubble size and 
the interfacial tension.  
Interestingly, the flow index is equal to 0.5, which is similar to that observed in the flotation froths 
produced in the experiments in this study (see section 5.6.1). A number of other researchers have also 
shown that the flow index is 0.5 (Herzhaft et al., 2005, Marze et al., 2008, Ovarlez et al., 2008, 
Foudazi et al., 2010, Tcholakova et al., 2011, Dollet and Raufaste, 2014, Gutiérrez et al., 2014). The 
average value of the flow indices of the 33 tests in the current study is 0.48 with a standard deviation 
of 0.07. A t-test was used to judge if the average value of the flow indices is statistically different 
from 0.5. The standard t-value t95; 32 is 2.04 (32 degrees of freedom). The t-value in this study is 
calculated to be 1.25, which is less than 2.04. It is therefore statistically valid to assume that the flow 
index is equal to 0.5. Hence, the froth rheograms of these 33 tests were refitted to Equation 5.3 using a 
constant flow index of 0.5. Figure 6.8 compares the apparent viscosities calculated at various shear 
rates using the refitted results against those measured experimentally. The fitting is acceptable, with 
an average deviation of 4.0% and a correlation coefficient (R2) of 0.92.  
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Figure 6. 8 Comparison between the experimental and calculated apparent viscosity (n=0.5) 
In this study, the flotation froths exhibited no significant yield stress. The bulk viscosity of the 
continuous phase is expected to be close to that of the liquid media, and to remain constant, as the 
fraction of solids in the Plateau borders is reasonably low in all tests (Figure 6.6). The interfacial 
tension, which determines the interfacial modulus, is likely to be associated with the fraction of the 
lamellae which is covered by hydrophobic particles. Hence, it is proposed that Equation 6.13 can be 
converted to Equation 6.14. 
                  𝜂 = (𝜀𝑓 − 0.73)(
𝐷32̅̅ ̅̅ ̅?̇?
2𝑘0𝜗
)−0.5                     (6.14)                 
where 𝑘0 is a constant representing those parameters of the system that should not change between the 
experiments. The units of 𝑘0 (Pa ∙ s ∙ N ∙ cm
−1) is that required to balance both sides of Equation 6.14. 
Using the froth property data measured in this study (Table 6.2), the apparent viscosity of the flotation 
froth was fitted to Equation 6.14 by optimising the value of the constant, k0.  The value of k0 was 
found to be 1.22 Pa ∙ s ∙ N ∙ cm−1. Hence, Equation 6.14 can be changed to Equation 6.15.  
                 𝜂 = (𝜀𝑓 − 0.73) (
𝐷32̅̅ ̅̅ ̅?̇?
2.44𝜗
)−0.5                (6.15) 
Figure 6.9 compares the predicted apparent viscosity calculated using the model with the 
experimental apparent viscosity. The deviation of the prediction is 1% and the correlation coefficient 
(R2) is 0.84.  It can be concluded that 84% of the correlation can be accounted for by Equation 6.15. It 
can be concluded that most of the parameters driving the froth rheology are being taken into 
consideration in this model.  
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Figure 6. 9 Comparison between the experimental apparent viscosity and that predicted at various 
shear rates for all the tests 
6.5 Validation of the effect of froth properties on froth rheology and the proposed model 
of froth rheology 
In section 6.3, the effect of froth properties on froth rheology was investigated. In section 6.4, a model 
of froth rheology was developed (Equation 6.15) considering the parameters driving the froth 
rheology. In this section, the observed effect of froth properties on froth rheology and the developed 
model of froth rheology will be validated. This additional work was also designed to further study 
how flotation conditions affect froth rheology. It was seen in Chapter 5 that bubble size plays a key 
role in determining froth rheology. While frother dosage was not varied in the CCRD program of 33 
flotation tests, it can significantly affect the bubble size. Hence, the frother dosage was varied in the 
additional tests, to study its effect on froth rheology. Another froth property that significantly 
influences froth rheology is the fraction of the bubble surface covered by hydrophobic particles, 
which is closely related to the feed grade. The direct effect of feed grade on froth rheology was also 
noted in Chapter 5. However, in the CCRD program, the feed grade was varied over a relatively 
narrow range (0.2% - 1.8%) which may not represent the copper grade variation observed throughout 
a whole flotation circuit in a plant (e.g. roughers, scavengers and cleaners). Hence, a wider range of 
feed grade was investigated in these additional tests. With the purpose of investigating the influence 
of frother dosage and feed grade on froth rheology, a two-factor factorial experiment program was 
performed using the same ore and the same flotation set-up and procedures as introduced in Chapter 3.  
6.5.1 Experimental overview 
The factors and their levels studied in this factorially designed experimental program are shown in 
Table 6.4. The feed grade was varied at three levels and the frother dosage at two levels. The ranges 
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of values of these two variables were carefully chosen based on those typically observed in industrial 
applications. Sodium ethyl xanthate (2.0 g/t) and Dowfroth 250 were used as the collector and the 
frother, respectively. The P80 of the chalcopyrite particles in the flotation feed was 80 µm. The froth 
depth below the lip was kept at 7 cm; the superficial gas rate remained at 1.4 cm/s and the impeller 
speed maintained at 900 rpm for all the tests. 
Table 6. 4 Variable parameters and their levels for the factorial design 
Test Feed grade (%) Frother dosage (ppm) 
1 0.5 10 
2 0.5 15 
3 1.0 10 
4 1.0 15 
5 5.0 10 
6 5.0 15 
 
6.5.2 Froth rheology calculations 
The measured raw data obtained from the vane rheometer in these six additional flotation tests were 
converted to shear rate and shear stress using the methods introduced in Chapters 4 and 5. The shear 
rates in the flotation froths were found to be less than 4 s-1 in all the tests. For each test, the apparent 
viscosity was calculated as the ratio of shear stress to shear rate. Froth rheograms were generated 
using the same approach as described in Chapter 5, and plotted in Figure 6.10 on log-log scales. As 
shear rate in the froths was less than 4 s-1, Figure 6.10 only shows the froth flow curves for these tests 
at shear rate values below 4 s-1.   
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Figure 6. 10 Froth rheograms determined for the additional tests varying feed grade and frother 
dosage 
Similar to the results obtained in the CCRD test program, the froth rheograms obtained in the 
additional tests show similar slopes. Hence, it is expected that the flow indices are very close in value. 
The flow indices with their 95% confidence intervals are plotted in Figure 6.11. Using Equation 5.5, 
paired t-tests were performed to test the significance of the observed difference between each pair of n 
values. It is calculated that the critical difference between each pair of flow indices should be greater 
than 0.54. Figure 6.11 shows that the difference between each pair of flow indices is less than 0.54. 
Therefore, it is concluded that there is no statistical difference between the n values. As a result, n can 
be treated as a constant in the factorial tests, and the froth rheology can be evaluated using only the 
consistency index. The effect of the flotation conditions (i.e. feed grade and frother dosage) on the 
froth rheology in the six tests is considered in the following section.  
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Figure 6. 11 Distribution of flow indices over tests with standard error at 95% confidence 
6.5.3 Effect of flotation operating variables on froth rheology 
The response of the froth rheology (i.e. consistency index) to the flotation conditions (i.e. feed grade 
and frother dosage) was studied. Figure 6.12 shows a positive relationship between the consistency 
index and the feed grade. According to the statistical analysis, there is a 91% confidence that the slope 
of this relationship is positive, which is in line with the outcome of the CCRD program. Increasing the 
feed grade can result in an increase of the fractional coverage of the lamellae by solid particles, which 
then increases the froth viscosity, as mentioned in Chapter 5.  
 
Figure 6. 12 Correlation between consistency index and feed grade  
Figure 6.13 shows the variation of consistency index with frother dosage. The statistical analysis 
shows that, with 95% confidence, no correlation exists between the consistency index and the frother 
dosage. It is well known that increasing the frother dosage can decrease the bubble size, which in turn 
increases the total bubble surface area per volume of froth and results in a decrease in the fraction of 
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the lamellae covered by solid particles (Sadr-Kazemi and Cilliers, 2000), i.e., increasing frother 
dosage can decrease both bubble size and the fraction of lamellae covered by solid particles, 
simultaneously. As discussed in Chapter 5, decreasing the bubble size can increase the froth viscosity, 
while decreasing the fraction of lamellae covered by solid particles can decrease the froth viscosity. It 
is suggested that the effects of the bubble size and the fraction of lamellae covered by solid particles 
on froth rheology offset each other, resulting in no correlation being observed between the froth 
dosage and the froth rheology.  
 
Figure 6. 13 Correlation between consistency index and frother dosage 
6.5.4 Validation of the effect of froth properties on froth rheology 
Bubble size and the fraction of the lamellae covered by solid particles have been identified as the two 
froth properties which define froth rheology. In this section the effects of these two froth properties on 
froth rheology will be validated using the factorial data obtained in the additional six tests outlined in 
Table 6.4. There was a concern that the method of estimating the bubble loading as mentioned above 
may underestimate the true value. In the factorial tests, therefore, a different approach was used to 
calculate bubble loading directly as discussed in section 2.3.2.3. Sadr-Kazemi and Cilliers (2000) 
developed a method to determine bubble loading by touching the top surface of an individual bubble 
with a glass slide, and measuring the bubble surface area and the wet and dried masses of the attached 
solids. In this work, a glass slide (76.0 mm x 50.5 mm) was also employed, and carefully placed on 
the froth surface to collect sample and enable calculation of the mass of solids attached to the bubble 
lamellae (i.e. bubble loading). Rather than only touching the top surface of an individual bubble, the 
slide was touched to multiple bubbles each time. The particle size distribution of the concentrate was 
measured using a Malvern Sizer. The combined information of bubble loading and particle size 
distribution was used to calculate the fraction of the lamellae covered by solids. It should be noted 
that some assumptions are made, for simplification. It was assumed that only the top layer of bubbles 
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is collected on the glass slide. Further, the bubbles on top burst when touched by the glass slide, 
resulting in only half of the surface area of the bubbles being collected to the glass slide, as shown in 
Figure 6.14.   
 
Figure 6. 14 Schematic of the glass slide being placed on the surface of the froth 
The number of bubbles touched by the glass slide can be calculated by Equation 6.16:  
                             𝑁 =  
4𝐴𝑔
𝜋∙𝐷32̅̅ ̅̅ ̅
2                                (6.16) 
where N is the number of bubbles touched by the glass slide (-), 𝐴𝑔 is the area of the glass slide (cm
2), 
and 𝐷32̅̅ ̅̅ ̅̅  is the Sauter mean bubble size in the froth (cm). The surface area of the bubbles collected 
by the glass slide can be calculated by Equation 6.17: 
                       𝐴𝑏 =  0.5𝑁 ∙ 𝜋 ∙ 𝐷32̅̅ ̅̅ ̅
2
= 2𝐴𝑔                   (6.17) 
where 𝐴𝑏 is the surface area of the bubbles attached to the glass slide (cm
2), and the factor of “ 0.5 ” 
in introduced because only half of the surface area of each bubble is attached to the glass slide. The 
bubble loading can be calculated by Equation 6.18: 
                                  𝐿𝐵 =  
𝑀
𝐴𝑏
=  
𝑀
2𝐴𝑔
                                    (6.18) 
where 𝐿𝐵 is the bubble loading (g/cm
2), and M is the dry mass of solids collected on the glass slide (g).  
It should be pointed out that this method may overestimate the absolute bubble loading as there may 
be entrained particles attaching on the glass slide. However, it is believed that the relative bubble 
loading variation between tests should be reflected through this method.  
As silica is hydrophilic and cannot attach on the lamellae, only chalcopyrite particles were present on 
the lamellae in this work. The shape of the chalcopyrite particles on the lamellae is assumed to be 
spherical. The mean particle diameter of the solids on the lamellae is represented by that in the 
concentrate which was sized for the purpose. It is assumed that the particles exhibit monolayer 
distribution on the lamellae. Hence, the area that a particle occupies on a lamella is equal to its 
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projected area. The fraction of the lamellae covered by solids can be calculated by Equation 6.19, by 
considering the density of the solid particles (i.e. chalcopyrite).  
                         𝜗 =  
30000𝐿𝐵
2𝜌𝑐∙𝑃50̅̅ ̅̅ ̅
                 (6.19) 
where 𝜗 is the fraction of the lamellae covered by solids, 𝜌𝑐 is the chalcopyrite density (4.18 g/cm
3), 
and 𝑃50̅̅ ̅̅   is the mean particle size of the concentrate (µm). 
A summary of the froth properties and the data required for subsequent calculations determined for 
the factorial program is shown in Table 6.5. 
Table 6. 5 Summary of froth properties and required data for calculation 
Test M (g) A (cm2) P50 (µm) 𝐷32̅̅ ̅̅ ̅ (cm) 𝜗 (-) μ (Pa.s
n) 
1 0.023 38.38 10.10 1.02 0.109 1.13 
2 0.030 38.38 12.55 1.09 0.110 1.39 
3 0.054 38.38 13.75 0.90 0.183 1.42 
4 0.036 38.38 14.35 1.01 0.118 1.47 
5 0.082 38.38 18.63 0.84 0.206 1.97 
6 0.072 38.38 20.33 0.78 0.166 1.50 
Figure 6.15 shows that a negative correlation is observed between the froth consistency index and the 
bubble size in these additional tests. There is scatter in this data, which is expected in a system where 
multiple froth characteristics have a bearing on the result. According to the regression analysis, there 
is a 76% confidence that the slope of this relationship is negative.  
 
Figure 6. 15 Effect of bubble size on the consistency index of the froth rheology in the factorial 
program  
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Figure 6.16 shows a positive relationship between the consistency index and the fraction of the 
lamellae covered by solids. According to regression analysis, there is a 93% confidence that the slope 
of the relationship between the consistency index and the fraction of lamellae covered by solids is 
positive and non-zero. 
 
Figure 6. 16 Effect of fraction of lamellae covered by solids on the consistency index in the factorial 
program 
Figure 6.15 and 6.16 show that the effects of bubble size and the fraction of the lamellae covered by 
solids on froth rheology are the same as observed in the CCRD program analysed in Chapter 5. This 
validates the outcomes of the CCRD program and further proves that the response of froth rheology to 
bubble size and the fraction of the lamellae covered by solid particles is generic rather than system 
dependent. A model of froth rheology as a function of the bubble size and the fraction of lamellae 
covered by solid particles was developed above (Equation 6.15) using the CCRD test results. The next 
section will validate the model using the data generated from the factorial program.  
6.5.5 Validation of the developed model of froth rheology 
Equation 6.15 was used to predict the apparent viscosity of the froth at the different shear rates 
generated during each test. Figure 6.17 compares the predicted values (using Equation 6.15) and the 
experimental apparent viscosity data. The deviation is 1% and the correlation coefficient (R2) is 0.89. 
It is concluded that the developed model (Equation 6.15) is variable independent in this system and 
can be used to predict froth rheology.  
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Figure 6. 17 Validation of the froth rheology model using the experimental data 
The foundation of this model was developed by Princen and Kiss (1989) by testing a wide range of 
foams/emulsions with varying bubble size and water content. It is therefore expected that this model 
will be transferable and be able to be used in wet or dry froths (i.e. varying gas hold-up) and over a 
wide range of bubble size. The only adjustable parameter in this model is 𝑘0. This parameter may be a 
function of ore hydrophobicity as it may affect the interfacial tension between bubbles. High 
concentrations of entrained solids in the plateau borders may also affect the froth rheology.  It is 
recommended, in future work, that this model be tested in different flotation systems involving 
variation in ore hydrophobicity and water content with the objective of determining whether the 
model can be used universally to predict flotation froth rheology or whether additional model 
development is required.  
6.6 Conclusions 
The effect of froth properties on froth rheology was investigated and a model was developed to 
predict the apparent viscosity of the froth as a function of the froth properties using the data generated 
from the CCRD program. A factorial program was designed to validate the correlations between the 
froth rheology and the froth properties, and the model to predict the froth rheology. The findings of 
this chapter can be summarised as below: 
 The measured froth rheology was able to be related to the identified froth properties. Bubble 
size was found to have a negative correlation with froth viscosity, which is in line with results 
reported for two-phase dry foams. The fraction of the lamellae covered by solids was found to 
have a positive influence on the froth viscosity (as expected). No clear relationship between 
froth viscosity and the solids volume fraction in the Plateau borders and vertices was 
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observed. The froth temperature, which was monitored but not controlled in the CCRD 
program, was found not to have any influence on froth rheology (within the investigated 
range).  
 A generic model was developed to enable the prediction of the apparent froth viscosity based 
on the froth bubble size, the proportion of the lamellae covered by particles, and the shear rate. 
This model is able to adequately predict the froth rheology results measured in the CCRD 
tests.   
 A factorial program was performed to investigate the effect of frother dosage and also feed 
grade over a wider range. It was found that varying the frother dosage had no significant 
influence on the froth rheology. The feed grade exhibited a positive correlation with the froth 
viscosity, which is in line with the findings of the CCRD program as discussed in Chapter 5. 
The froth rheology had a negative correlation with the bubble size, and a positive correlation 
with the fraction of the lamellae covered by solid particles. These results validate the findings 
of the CCRD tests. The model developed using the CCRD data was able to adequately predict 
the apparent froth viscosity in the factorial program tests, indicating that this model is indeed 
variable independent in the system tested.  
The effects of the flotation operating conditions and the froth properties on the froth rheology were 
discussed in Chapter 5 and in the current Chapter, respectively. In Chapter 7, the effect of the froth 
rheology on the overall flotation performance will be investigated.  
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Chapter 7 The Effect of Froth Rheology on Froth and Flotation Performance 
7.1 Introduction  
The effects of the flotation operating conditions and the resulting froth properties on froth rheology 
have been investigated in Chapters 5 and 6 of this thesis. This leads naturally to the investigation of 
the effect of froth rheology on froth and flotation performance. As discussed in Chapter 2, measures 
of froth performance include the froth height above the lip and the air recovery (a proxy for froth 
recovery, owing to the difficulty in measuring it). The effect of froth rheology on these parameters 
will be investigated in this chapter. Typically flotation performance refers to flotation recovery and 
concentrate grade. However, as flotation recovery is determined not only by froth recovery but also by 
pulp recovery, it is unreasonable to directly correlate froth rheology with flotation recovery. 
Concentrate grade, another important measure of flotation metallurgical performance, is influenced by 
complex processes occurring in pulp and froth. In addition, feed grade - which significantly affects 
concentrate grade - was changed in the CCRD program. Hence, it is difficult to study the direct effect 
of froth rheology on concentrate grade. However, given that there are only chalcopyrite and silica 
particles in the froth, froth upgrading is achieved through the drainage of entrained silica. Hence, the 
recovery of silica during froth transportation can significantly affect the final concentrate grade. It was 
therefore decided to investigate the effect of froth rheology on silica recovery in this chapter.  
At the end of this chapter, a preliminary industrial study of froth rheology conducted in a platinum ore 
is described. The industrial result was used to validate some findings observed in the laboratory test 
work. 
7.2 Effect of froth rheology on froth and flotation performance 
7.2.1 Effect of froth rheology on froth height above the lip 
The froth height above the lip is expected to be determined by the froth properties and the flotation 
operating conditions. The froth properties include froth rheology and froth stability. Unfortunately, no 
froth stability data are available in this project, owing to the difficulty in measuring this characteristic 
(as reviewed in Chapter 2). Regarding flotation operating conditions, the variable which was changed 
and would be expected to affect froth height above the lip is superficial gas velocity. Hence, the froth 
height above the lip was regressed against the froth consistency index and the superficial gas velocity 
using the data shown in Table 7.1. Minitab 17 was used to perform the regression analysis. 
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Table 7. 1 Data used for the regression of froth height above the lip 
Test order 
Superficial gas 
velocity (cm/s) 
Consistency 
index (Pa.sn) 
Froth height 
above lip (cm) 
1 1.4 1.43 2.3 
2 1.0 1.97 2.4 
3 1.8 1.72 2.8 
4 1.8 1.80 2.5 
5 1.0 1.00 1.4 
6 1.8 1.98 2.2 
7 1.0 1.40 1.9 
8 1.8 1.06 2.1 
9 1.4 1.33 2.0 
10 1.4 1.35 2.0 
11 1.8 1.32 1.9 
12 1.4 1.20 1.9 
13 1.0 1.71 2.1 
14 1.8 1.09 2.3 
15 1.0 1.71 1.8 
16 1.8 1.20 2.1 
17 1.8 1.26 2.6 
18 1.4 1.43 2.0 
19 1.4 1.45 2.1 
20 1.0 1.54 1.8 
21 1.0 1.72 2.9 
22 1.0 0.63 1.3 
23 1.4 0.56 0.8 
24 1.4 1.01 2.1 
25 0.6 1.61 1.2 
26 1.4 1.22 2.3 
27 1.4 0.96 1.9 
28 1.4 1.58 3.1 
29 1.4 1.34 2.1 
30 2.2 1.37 2.5 
31 1.4 1.26 2.2 
32 1.4 0.85 1.5 
33 1.4 1.55 2.9 
The resulting model is shown in Equation 7.1:  
hf = -2.61 + 2.77Jg + 2.79𝜇 - 0.75Jg2 - 0.74𝜇2 + 0.003Jg∙ 𝜇        R2 = 0.68                (7.1) 
where hf is the froth height above lip (cm), Jg is the superficial gas velocity and 𝜇 is the consistency 
index (Pa.sn). 
Equation 7.1 is a conventional response surface model with linear, quadratic and cross-product terms 
(Napier-Munn, 2014). The standard error of the model which controls the prediction uncertainty is 
0.30. There are seven repeat tests in the CCRD program; these were used to calculate the standard 
error of the froth height above the lip (which is caused by experimental error). The calculated 
experimental standard error is 0.16. Thus, the model error is almost double the experimental error, 
which indicates that the model is deficient in predicting the froth height above the lip owing to a 
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missing predictor (s). As froth stability is closely related to the maximum froth height above the lip in 
flotation, it is likely that the missing predictor in the regression is froth stability. It was attempted to 
calculate the froth stability (i.e. bubble burst rate as discussed in Section 2.3.3.3) for the 33 flotation 
tests by analysing the videos. However, it was found that extremely small values of bubble burst rate 
were determined, which were not consistent with the calculated air recovery values. Hence, it was 
decided not to use the froth stability information as it was considered inaccurate. The absence of froth 
stability in this work is unfortunate and hindered the investigation to a certain extent. This may 
explain why the R2 is only 0.68. The regression result might be significantly improved (with a higher 
R2) if froth stability were to be taken into account.  
The model presented above is not intended to predict the froth performance, but rather to indicate how 
various operational variables and the froth rheology affect the flotation performance. This is also the 
aim of the models presented in the following sections.  
Minitab 17 was used to calculate the significance of the linear, quadratic and interaction effect of each 
factor on the froth height above the lip, as shown in Table 7.2. Conventionally a factor is considered 
to be statistically significant if its P-value ≤ 0.05. Table 7.2 shows that the consistency index 
significantly affects the froth height above the lip in a linear way, with a P-value of 0.001. The P-
value of its square term (𝜇2) which indicates curvature is 0.059, which is barely significant. The 
superficial gas velocity also significantly affects the froth height above the lip in a non-linear way, 
with a P-value of 0.002. The P-value of its square term (Jg2) is 0.043. The interaction between the 
froth rheology and the superficial gas velocity on the froth height above the lip is not a concern as the 
P-value is 0.995. Figure 7.1 shows the surface plot of froth height above the lip vs superficial gas 
velocity and consistency index.  
Table 7. 2 Significance of variables in predicting the froth height above the lip 
Terms P-value 
𝜇 0.001 
𝜇2 0.059 
Jg 0.002 
Jg2 0.043 
𝜇 ∗Jg 0.995 
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Figure 7.1 Surface plot of froth height above the lip versus superficial gas velocity and consistency 
index 
Figure 7.1 shows that the froth height above the lip increases as the froth becomes more viscous. As 
discussed in Chapter 2,  Harris (2013) has reported that froth rheology defines the resistance to froth 
flow. When the froth does not exhibit a significant yield stress, like the froth in this study, the energy 
required to overcome the flow resistance is directly proportional to the froth viscosity. As the froth 
becomes more viscous, the energy required to overcome the flow resistance increases. As a result, the 
froth above the concentrate lip will increase to a certain level to overcome the flow resistance and 
provide the kinetic energy for froth discharge.  
7.2.2 Effect of froth rheology on air recovery  
As discussed in Chapter 2, air recovery can be calculated via Equation 7.2 developed by Cilliers et al. 
(1998): 
                             𝛼𝑎 = 100 ∙
𝑄𝑜𝑣𝑒𝑟𝑓𝑙𝑜𝑤
𝑄𝑖𝑛
=  100 ∙
1
2
∙
𝑣𝑓∙𝐿∙ℎ𝑓∙𝜀𝑓
𝐽𝑔∙𝐴
               (7.2) 
Air recovery is strongly related to the froth retention time above the concentrate lip. Froth retention 
time in turn is affected by the superficial gas velocity, which was varied in the CCRD program. In the 
absence of any froth stability data, a regression model for air recovery was developed as a function of 
superficial gas velocity and the froth rheology. The data used for the regression of air recovery is 
summarised in Table 7.3.  
 
 
 
Consistency index (Pa ∙ sn) 
Superficial gas velocity (cm/s) 
Froth height above lip (cm) 
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Table 7. 3 Data used for the regression of air recovery 
Test order 
Superficial gas 
velocity (cm/s) 
Consistency index 
(Pa.sn) 
Air 
recovery 
(%) 
1 1.4 1.43 14.44 
2 1.0 1.97 11.98 
3 1.8 1.72 12.11 
4 1.8 1.80 11.14 
5 1.0 1.00 8.79 
6 1.8 1.98 10.45 
7 1.0 1.40 12.15 
8 1.8 1.06 10.63 
9 1.4 1.33 12.47 
10 1.4 1.35 12.13 
11 1.8 1.32 8.72 
12 1.4 1.20 12.22 
13 1.0 1.71 13.16 
14 1.8 1.09 11.12 
15 1.0 1.71 10.93 
16 1.8 1.20 10.09 
17 1.8 1.26 10.44 
18 1.4 1.43 13.57 
19 1.4 1.45 14.65 
20 1.0 1.54 5.88 
21 1.0 1.72 14.24 
22 1.0 0.63 4.60 
23 1.4 0.56 2.77 
24 1.4 1.01 14.78 
25 0.6 1.61 5.07 
26 1.4 1.22 15.53 
27 1.4 0.96 12.92 
28 1.4 1.58 19.93 
29 1.4 1.34 13.75 
30 2.2 1.37 12.12 
31 1.4 1.26 15.05 
32 1.4 0.85 8.19 
33 1.4 1.55 17.30 
The resulting model is given in Equation 7.3.  
𝛼𝑎 = -34.0 + 31.87𝐽𝑔 + 32.96𝜇 – 11.57𝐽𝑔
2 – 10.62 𝜇2 + 0.91𝜇 ∙ 𝐽𝑔          R
2 = 0.77     (7.3) 
where 𝛼𝑎 is the air recovery (%), Jg is the superficial gas velocity and 𝜇 is the consistency index 
(Pa.sn). 
Similar to Equation 7.1, Equation 7.3 is a conventional response surface model with linear, quadratic 
and cross-product terms (Napier-Munn, 2014).The standard error of the model is 1.88 while the 
experimental error calculated from the seven repeat tests is 1.35; i.e. the prediction uncertainty of the 
model is greater than the experimental error. Again, it implies that the regression data is not fully 
sufficient to predict air recovery and probably some important variable(s) is missing. It is still 
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expected that the important missing variable in the regression is froth stability. The regression result 
might be improved if froth stability were to be taken into account. The significant terms in predicting 
air recovery are presented in Table 7.4.  
Table 7. 4 Significance of variables in predicting the air recovery 
Terms P-value 
𝜇 0.001 
𝜇2 0.001 
Jg 0.605 
Jg2 0.001 
𝜇 ∗Jg 0.792 
Table 7.4 shows that the froth rheology and the superficial gas velocity have significant non-linear 
effects on air recovery with the P-values of both square terms being 0.001. The interaction between 
the froth rheology and the superficial gas velocity on the froth height above the lip is not a concern as 
the P-value is 0.792. Figure 7.2 shows the surface plot of air recovery vs superficial gas velocity and 
consistency index. 
 
Figure 7.2 Surface plot of air recovery versus superficial gas velocity and consistency index 
Figure 7.2 shows that air recovery increases as the froth becomes more viscous (i.e. as the consistency 
index increases) while at higher froth viscosity the opposite is observed. It was concluded in Chapter 
6 that the consistency index is positively correlated with the fraction of the lamellae covered by solids 
and negatively correlated with the bubble size. More hydrophobic particles on the bubble surfaces, or 
a smaller bubble size, normally indicate a more stable froth (Ali et al., 2000). In other words, the 
consistency index may be positively correlated with froth stability. Increasing froth viscosity is 
expected to restrain froth transportation, while simultaneously increasing froth stability enhances froth 
Consistency index (Pa ∙ sn) 
Superficial gas velocity (cm/s) 
Air recovery (%) 
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transportation. These two effects oppose each other. The resulting froth performance (as measured by 
the air recovery) depends on which effect dominates the froth transportation process. Figure 7.2 
implies that in this study the variation of air recovery was dominated by froth stability at low froth 
viscosity, and by froth rheology at high froth viscosity. At low froth viscosity, the effect of froth 
rheology on froth retention time was masked by the froth stability. It is likely that air recovery 
increased owing to the decrease of froth retention time, even though froth viscosity was increasing. 
However, at high froth viscosity, the froth retention time was dominated by the froth rheology, and 
consequently air recovery increased with increasing froth viscosity. 
As froth rheology can significantly affect air recovery (which is expected to be closely related to froth 
recovery), it is speculated that froth rheology can also significantly affect froth recovery. It is 
recommended that this be verified when a reliable approach to measure froth recovery is developed in 
future.  
7.2.3 Effect of froth rheology on silica recovery 
In this section the dependency of silica recovery on froth rheology is discussed. The silica recovery 
was calculated based on the mass flow rates of silica in the concentrate and tailings.   
Silica recovery will be a function of the amount of silica entering the froth phase and the amount of 
silica draining back to the pulp. The former can be significantly influenced by superficial gas velocity, 
which was varied in the CCRD flotation test program. In addition, turbulence may also influence the 
amount of entrained silica particles entering the froth phase by affecting the turbulence in the pulp 
phase and subsequent suspension of solids into the upper pulp zone just below the froth-pulp interface, 
as well as froth drainage. Turbulence is mainly determined by the impeller speed which was also 
varied systematically in the CCRD program (Chapter 5). Hence, impeller speed was also taken into 
account in the regression process.  
Froth retention time determines the drainage of silica from the froth phase. The froth retention time 
below the concentrate lip is determined by the superficial gas velocity and the froth depth, while the 
froth retention time above the lip is determined by the superficial gas velocity, the froth stability, the 
froth height above the lip and the froth rheology. As discussed before, froth height above the lip has 
been shown to be associated with froth rheology and superficial gas velocity. Hence, a multi-
regression analysis for silica recovery was performed as a function of the superficial gas velocity, the 
impeller speed, the froth depth and the froth rheology. The data used for the regression of silica 
recovery are shown in Table 7.5.  
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Table 7. 5 Data used for the regression of silica recovery 
Test order 
Superficial 
gas velocity 
(cm/s) 
Impeller speed 
(rpm) 
Froth 
depth 
(cm) 
Consistency index 
(Pa.sn) 
Silica recovery 
(%) 
1 1.4 900 7 1.43 28.0 
2 1.0 750 6 1.97 12.4 
3 1.8 1050 6 1.72 40.8 
4 1.8 750 8 1.8 20.1 
5 1.0 750 6 1 21.5 
6 1.8 750 6 1.98 30.3 
7 1.0 1050 6 1.4 24.6 
8 1.8 1050 6 1.06 29.3 
9 1.4 900 7 1.33 25.7 
10 1.4 900 7 1.35 32.4 
11 1.8 750 8 1.32 29.2 
12 1.4 900 7 1.2 30.6 
13 1.0 1050 8 1.71 21.7 
14 1.8 1050 8 1.09 20.4 
15 1.0 750 8 1.71 17.1 
16 1.8 750 6 1.2 15.0 
17 1.8 1050 8 1.26 7.7 
18 1.4 900 7 1.43 32.2 
19 1.4 900 7 1.45 34.6 
20 1.0 750 8 1.54 3.3 
21 1.0 1050 8 1.72 6.3 
22 1.0 1050 6 0.63 4.5 
23 1.4 900 7 0.56 8.4 
24 1.4 900 5 1.01 35.4 
25 0.6 900 7 1.61 7.5 
26 1.4 900 7 1.22 33.4 
27 1.4 1200 7 0.96 31.0 
28 1.4 900 7 1.58 28.0 
29 1.4 600 7 1.34 19.8 
30 2.2 900 7 1.37 35.0 
31 1.4 900 9 1.26 20.7 
32 1.4 900 7 0.85 16.0 
33 1.4 900 7 1.55 22.3 
As a large number of terms were present in the response surface regression model, a stepwise 
procedure was used to remove the insignificant terms in the prediction of silica recovery. Stepwise 
regression is an approach to selecting a subset of effects for a regression model based on the 
significance of the coefficients for each term in the model. The F-criterion for entering a term in the 
model or removing a term from the model was set at 0.15. The resulting model is shown in Equation 
7.4.  
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  𝑅𝑠 = –61.6 – 5.21 Hf + 58.2𝐽𝑔 + 0.01IS + 87.7𝜇 – 14.78𝐽𝑔
2 – 30.54𝜇2       R2 = 0.79            (7.4) 
where 𝑅𝑠 is the silica recovery (%), Hf is the froth depth (cm), IS is the impeller speed (rpm), Jg is the 
superficial gas velocity and 𝜇 is the consistency index (Pa.sn). 
As mentioned before, this is the conventional response surface model with linear, quadratic and cross-
product terms generated to explore the effects of the variables on silica recovery.  
The standard error of the model is 5.11 while the experimental error calculated from the seven repeat 
tests is 3.15. Again, the prediction uncertainty of the model is much greater than the experimental 
error, which implies that the regression data is not fully sufficient to predict silica recovery and that 
some important variable(s) is probably missing. It is still expected that the important missing variable 
in the regression is froth stability. The regression result might be improved with a high R2 if froth 
stability were to be taken into account. The significant terms for silica recovery are shown in Table 
7.6. 
Table 7. 6 Significance of variables in predicting the silica recovery 
Terms P-value 
Hf 0.001 
Jg 0.001 
IS 0.100 
𝜇 0.002 
Jg
2 0.022 
𝜇2 0.001 
Table 7.6 shows that the froth height, the superficial gas velocity and the consistency index all have a 
statistically significant effect on the silica recovery, while the impeller speed does not. In addition, the 
superficial gas velocity and the consistency index have non-linear correlations with the silica 
recovery, with the P-values of their square terms being 0.022 and 0.001, respectively. No significant 
interaction effects between the factors on silica recovery are observed. Figure 7.3 shows the surface 
plot of silica recovery versus consistency index and superficial gas velocity at the mean value of froth 
depth and impeller speed. 
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Figure 7.3 Surface plot of silica recovery versus consistency index and superficial gas velocity 
Similar to the correlation between air recovery and consistency index shown in Figure 7.2, Figure 7.3 
shows that at low froth viscosity the silica recovery increases as the froth becomes more viscous 
(increasing consistency index) while the opposite is observed at high froth viscosity. Silica recovery is 
determined by drainage, which in turn depends on the time that particles stay in the froth (Wang et al., 
2016). It is expected that increasing froth viscosity would slow down the froth transportation and 
increase the froth retention time. However, as mentioned above, froth stability is also enhanced when 
the froth becomes more viscous. Hence, it is deduced that in this study, at low froth viscosity the 
variation of silica recovery was dominated by the froth stability, with froth retention time decreasing 
with increasing froth stability, thereby increasing silica recovery. At high froth viscosity, the effect of 
the froth stability on the froth retention time was masked by the froth rheology, and consequently 
froth retention time increased with increasing froth viscosity, thereby decreasing silica recovery.  
7.3 Industrial measurement 
The opportunity was taken to carry out a preliminary study of froth rheology in a platinum plant in 
South Africa, using the same rheometer (Anton Paar DSR 301) which was used to perform the froth 
rheology measurement in the CCRD tests in the laboratory. The flotation circuit of the plant consisted 
of rougher, scavenger, primary cleaner and secondary cleaner sections. The measurements were 
performed in the third and fifth rougher cells and the first primary cleaner cell. The rheometer head 
was fixed on a holder which was attached to the handrail and the rheometer head was moved 
vertically to adjust the position of the vane in the froth, based on the froth height. The set-up of the 
rheometer is shown in Figure 7.4. 
Consistency index (Pa ∙ sn) 
Superficial gas velocity (cm/s) 
Silica recovery (%) 
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Figure 7. 4 Set-up of the Anton Paar DSR 301 rheometer in industrial cell 
During each froth rheology measurement in each flotation cell, four or five torque values were 
acquired at different vane speeds. The vane speed and torque values were converted to shear rate and 
shear stress using the method developed in Chapter 4. The rheograms of the flotation froths in the 
three flotation cells are shown in Figure 7.5. Each flow curve was fitted to the power-law model. 
 
Figure 7. 5 Rheograms of flotation froth acquired in three flotation cells in a platinum concentrator 
Four conclusions can be drawn from Figure 7.5:  
I. The platinum ore froth exhibited non-Newtonian flow characteristics similar to those 
observed in the laboratory work using the synthetic copper ore (Chapter 5). The froth 
appeared to be shear-thinning with minimal yield stress, which is in agreement with the flow 
behaviour of the froth generated in the laboratory. In addition, it is interesting to note that in 
Figure 7.5 the flow indices of the three froths are equal to or close to 0.5. Coincidentally, it 
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has been statistically proven in section 6.4 that the flow index of the froth generated in the 
laboratory is 0.5 as shown in Equation 6.15. This may indicate that the flow index of a three-
phase flotation froth is 0.5 and is system independent.  
II. The effect of froth rheology on the froth height above the lip followed the same trend as that 
found in the laboratory work. To compare the froth in the different cells on the basis of 
apparent viscosity, Figure 7.5 shows that the froth flow curve of the third rougher cell is 
above that of the fifth. The flow curve of the first primary cleaner is below the other two. In 
other words, the froth in the third rougher cell has the highest viscosity, followed by the fifth 
rougher cell and then the first primary cleaner cell. Figure 7.6 shows the froth height above 
the lip in each of the three flotation cells, with the 95% confidence interval error bars. Each 
froth height was measured three times at different positions along the concentrate lip. The 
froth height above the lip is positively correlated with froth viscosity, which agrees with the 
finding of the laboratory work in this project.  
The effect of froth rheology on the froth cleaning action was not investigated in the industrial 
study, as the ore consisted mainly of complex clay minerals. The minerals attached to the 
bubble surfaces were dominated by various hydrophobic clay minerals (e.g. floatable talc) 
rather than the valuable minerals. Hence, the variation of froth rheology did not necessarily 
affect the upgrading of the valuable minerals.   
 
Figure 7. 6 Froth heights above the lip in various flotation cells with 95% confidence interval 
III. The froth in the first cleaner cell has a less viscous froth than that of the two rougher cells 
which is unexpected. It is highly likely that the bubble loading is higher in the froth of the first 
cleaner than in the other two cells. In addition, Figure 7.7 shows the bubble sizes in the 
vicinity of where the vane was immersed in the three flotation cells. Clearly, the bubble sizes 
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in the two rougher cells are generally bigger than 10 mm while the bubbles in the first cleaner 
cell are generally smaller than 10 mm. Higher bubble loading and smaller bubble size should 
generate higher froth viscosity as discussed in Section 6.3. However, this is not the case in 
these industrial measurements. The reason is expected to be that the froth in the first cleaner 
cell was much wetter than the froth in the two rougher cells because the presence of solid 
particles can decrease the froth permeability and water drainage (Wang and Nguyen, 2016). 
An increase in froth water hold-up potentially decreases the froth viscosity. This observation 
highlights the importance of froth wetness and how it potentially can significantly influence 
the froth viscosity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.7 Images of the froth for the three industrial flotation cells at the position where froth 
viscosity was measured 
IV. Compared to the synthetic chalcopyrite ore, the platinum ore generated significantly higher 
froth viscosity, which resulted in a much higher froth height (up to ten times) above the lip 
compared to the froth heights generated in the laboratory flotation tests. The high viscosity 
was probably due to the presence of clay minerals in the froth. The effect of clay type on pulp 
rheology in flotation has been widely investigated (Cruz et al., 2013, Forbes et al., 2014, 
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1st 
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Ndlovu et al., 2014, Zhang and Peng, 2015). However, very little has been done to study the 
effect of clay on froth rheology, which should be investigated in future work.   
7.4 Conclusions 
The effects of froth rheology on froth and flotation performance were studied in this chapter. The 
froth rheology was positively related to the froth height above the lip, which in turn was determined 
by the equilibrium of energy in the froth. The froth height above the lip provides the potential energy 
to overcome the flow resistance (i.e. froth viscosity) and the kinetic energy for froth flow. When the 
froth becomes more viscous, the froth height increases to generate more potential energy to overcome 
the resistance. 
The effects of froth rheology on air recovery and silica recovery were also investigated in this chapter. 
It was found that air recovery was significantly affected by froth rheology; at low froth viscosity, air 
recovery increased upon increasing consistency index while the opposite was found at high froth 
viscosity. As the valuable minerals are recovered by attachment to bubble surfaces, it is expected that 
froth rheology also has a significant impact on froth recovery. A similar correlation between froth 
viscosity and silica recovery was also observed. It is expected that these complex correlations were 
caused by the variables that increase froth rheology enhancing froth stability.  
A preliminary industrial study of froth rheology was performed for a platinum ore. It was found that 
the froth exhibited similar rheological characteristics to the froth generated in the laboratory work 
using a synthetic copper ore. Both of the froths have a shear-thinning nature with minor yield stress. 
The industrial data supported the correlation between froth viscosity and the froth height above the lip 
observed from the laboratory work. The platinum ore froth had significantly higher viscosity than the 
synthetic ore, probably owing to the presence of complex clay minerals in the froth phase. The effect 
of clays on froth rheology is recommended for future investigation.  
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Chapter 8 Conclusions and Recommendations for Future Work 
8.1 Introduction 
It has been known for some time that froth rheology has an impact on froth and flotation performance. 
A more viscous froth resists motion towards the lip, rising vertically before overflowing into the cell 
launder, resulting in significantly higher froth residence times and increased probability of froth drop 
back as well as froth collapse. However, a proper study of the effect of froth rheology on froth and 
flotation performance has not been undertaken, because of the difficulty in measuring froth rheology 
using traditional rheometers.  
The thesis project firstly developed a novel approach to measure froth rheology. Studies were then 
carried out to relate froth rheology to froth properties, and to evaluate the effect of froth rheology on 
froth and flotation performance. In-situ measurements were made in a flowing froth, generated in a 
continuously operated 20 L flotation cell rig, in which the concentrate and tailings were recycled. The 
feed ore was a synthetic mixture of chalcopyrite and silica. The froth rheology was varied by 
changing some of the flotation operating conditions (air flow rate, froth depth, impeller speed and 
feed grade and particle size distribution), according to a central composite rotatable design (CCRD) 
experimental program. 
The conclusions that may be drawn from this work, and some recommendations for future work, are 
presented in this chapter. 
8.2 Conclusions 
8.2.1 Measurement of froth rheology 
A new approach to measure froth rheology has been developed, based on the use of a rotating vane 
surrounded by a tube to eliminate the effect of horizontal flow on the measurement. Equations were 
found to convert the vane speed and the measured rotational torque to the conventionally used 
measures of rheology, i.e. shear rate and shear stress. The method was developed first of all in a 
flowing bentonite slurry (which confirmed the deleterious effect of horizontal flow on the measured 
torque values), and then in a flotation froth.    
8.2.2 Evaluation of froth rheology 
The flotation froth investigated in this work exhibited shear-thinning behaviour with minor yield 
stress. Froth apparent viscosity was fitted to a power-law model as a function of shear rate: 
                                                               𝜂 = 𝜇 ?̇?𝑛−1                                              (5.3) 
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where 𝜂 is the apparent viscosity of the froth, 𝜇 is the consistency index, ?̇? is the shear rate, and n is 
the flow index. 
As froth rheology is shear rate dependent, the froth apparent viscosity could not be represented by a 
nominal apparent viscosity at a local shear rate. However, it was found that the flow indices were 
statistically the same for the different froths generated in this project as part of the CCRD program. 
Hence, the differences in apparent viscosity between different froths could be represented by 
differences in the consistency index, which is shear rate independent, and can therefore be used to 
reflect the rheology of a particular froth. The consistency index was used in the rest of the thesis as a 
measure of froth rheology, and related to the variation in the flotation operating conditions, the froth 
properties, the froth performance and the overall flotation performance. 
8.2.3 Effect of flotation operating conditions and resulting froth properties on froth rheology 
In the flotation experiments carried out according to the CCRD program, the froth rheology (as 
determined by the consistency index) was found to vary significantly with variation in flotation 
conditions. Froth viscosity was positively related to the feed grade but negatively correlated with the 
particle size. Increasing the froth depth increased the froth viscosity linearly, while increasing the 
impeller speed had the opposite effect. Froth viscosity was found to have a non-linear correlation with 
the superficial gas rate, decreasing initially with increasing gas rate but then increasing. An empirical 
model (Equation 5.6) was developed to relate the froth viscosity to the flotation variables and the 
interactions between these variables. The predicted consistency indices showed a good agreement 
with the measured results (see Figure 5.9).  
The effect of the froth properties on the froth rheology was investigated using the data generated from 
the CCRD program. The froth properties selected were based on the understanding of the rheology of 
two-phase foams and suspensions. The results showed that the measured froth rheology could be 
related to the measured or estimated froth properties in each experiment. Froth viscosity had a 
negative correlation with the froth bubble size, which is in line with observations in dry two-phase 
foams. Froth viscosity was found to be positively influenced by the fraction of the lamellae covered 
by solids. No clear relationship was observed between froth viscosity and the solids volume fraction 
in the Plateau borders and vertices. The froth temperature was not controlled but was monitored in the 
CCRD program, and was found not to affect the froth rheology over the experimental range. In this 
project, the froth was very dry, with gas hold-up above 0.94 for all the froths (see Table 6.2). Hence it 
is expected that gas hold-up is not a significant factor affecting froth rheology in this work, and 
therefore no investigation was performed to study its effect on froth rheology.  
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A model structure was developed relating the apparent viscosity of a three-phase flotation froth to the 
gas volume fraction in the froth, the froth bubble size, the proportion of the lamellae covered by 
particles and the shear rate applied (equation 6.14): 
𝜂 = (𝜀𝑓 − 0.73)(
𝐷32̅̅ ̅̅ ̅?̇?
2𝑘0𝜗
)−0.5                     (6.14)                 
where 𝜂 is the apparent viscosity of the froth, 𝜀𝑓 is the gas hold-up, 𝐷32̅̅ ̅̅ ̅ is the Sauter mean bubble 
diameter in the froth, ?̇? is the shear rate, 𝜗 is the fraction of lamellae covered by solids, and 𝑘0 is a 
fittable constant. This model was able to adequately predict the froth rheology measured in the CCRD 
tests.   
A second factorial experiment was performed to validate the findings of the CCRD program, by 
varying frother dosage and feed grade in a wider range. It was found that varying the frother dosage in 
the studied range had no significant influence on froth rheology. However, the feed grade exhibited a 
positive correlation with froth viscosity, which is in line with the finding of CCRD program. The froth 
rheology had negative and positive correlations with the bubble size and the fraction of the lamellae 
covered by solid particles, respectively, which validates the findings of the CCRD tests. Equation 6.4 
was able to predict the froth apparent viscosity of the factorial program tests well, validating that the 
froth rheology model was variable independent in this system.  
8.2.4 Effect of froth rheology on froth and flotation performance 
In the investigation of the effect of froth rheology on froth performance, the froth height above the lip 
and the air recovery were used as indicators of the froth recovery which is difficult to measure. The 
froth height above the lip was positively related to the froth viscosity (consistency index), which is as 
expected: when the froth becomes more viscous, the froth will rise to generate more potential energy 
to overcome the flow resistance. Air recovery increased upon increasing consistency index at low 
viscosity, and decreased upon increasing consistency index at high viscosity. A similar correlation 
was found between silica recovery and consistency index. This could be attributable to the competing 
mechanism between froth rheology and froth stability (which was not measured in this work). Silica 
recovery was used as an indicator of the degree of froth upgrading, as flotation concentrate grade is 
determined by the pulp as well as the froth performance. 
A preliminary industrial study of froth rheology was performed on a platinum ore. It was found that 
the froth exhibited the same general rheological characteristics as in the laboratory work, i.e. it was 
shear-thinning with a minor yield stress. The industrial data supported the correlation between froth 
viscosity and the froth height above the lip observed in the laboratory work. It was also noticed that 
the froth of the platinum ore had a significantly higher viscosity than the synthetic laboratory ore, 
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which was probably due to the presence of complex clays minerals in the froth phase. The effect of 
clays on froth rheology needs to be investigated in future.  
8.3 Contribution to knowledge 
By summarizing the findings of this project, the contribution of this project to knowledge is stated as 
below: 
1. A novel approach was developed to measure froth rheology. This approach is applicable at 
laboratory and industrial scales.  
2. The effect of froth properties on froth rheology was demonstrated. 
3. A model of froth rheology as a function of froth properties was developed. 
4. The relationships between froth rheology and the key flotation performance indicators were 
demonstrated. 
8.4 Recommendations for future work 
This project has developed a novel approach to measure froth rheology. This method can be used both 
in the laboratory and at the industrial scales. Froth rheology has been comprehensively studied by 
investigating the effect of flotation conditions and the resulting froth properties on froth rheology. A 
preliminary model of froth rheology has been developed as a function of froth properties. The 
correlation between froth rheology and flotation performance was also studied. Through the course of 
this investigation the following future paths of investigation have been recognised:  
I. It is highly possible that froth stability and froth viscosity are positively correlated. It is 
speculated that there is a competing mechanism between froth stability and froth viscosity in 
affecting froth behaviour. This should be explored to better understand the response of froth 
behaviour to froth characteristics. 
II. The scale-up of vane geometry for froths in which the bubble size is much bigger than the 
vane radius used in this project should be studied. In such circumstances, the vane might 
rotate inside an air bubble and be unable to detect the resistance of the froth structure to the 
vane rotation.  
III. The current study of froth rheology has been performed using a single synthetic ore. It is 
recommended to investigate froth rheology in different ore systems in the laboratory under 
different operating conditions to validate the findings of this project. 
IV. As the presence of complex clay minerals in flotation is still an on-going issue, the effect of 
clay type on froth rheology should be studied, together with strategies to modify the froth 
rheology where the effect of clay is found to be deleterious to flotation performance. 
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V. The development of a froth transportation model is recommended, incorporating both froth 
rheology and froth stability. This could be used to improve the modelling of froth recovery in 
flotation.   
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